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The comparative production potential among annual cropping systems grown as 
bioenergy feedstock in the Eastern Cornbelt of the US Midwest is generally unknown. 
Two field experiments were conducted to evaluate the compositional attributes, 
agronomic and economic efficiencies, and environmental impacts of sorghum (Sorghum 
bicolor M.) and maize (Zea mays L.) as they relate to bioethanol production and nitrogen 
(N). A 3 site-year fertilizer rate study (0, 67, 135 and 202 kg N ha-1) comparing five 
distinct sorghum hybrids/lines and a maize hybrid, was conducted to evaluate yields, 
carbohydrate pools, and associated theoretical ethanol (EtOH) yields. Post-harvest, dried 
stover was analyzed for carbohydrate partitioning and theoretical EtOH yield was 
calculated using conversion and efficiency factors for sugars as proposed by the National 
Renewable Energy Lab’s state of technology report. Simple marginal accounting was 
conducted to determine the economic EtOH responses to incremental investments for N 
fertilizer by the hybrids/lines. A related study of system N balance, specifically focused 
on N removal in harvested tissue and N loss to subsurface drainage water, was conducted 







 residue removal systems of sorghum and maize to grain-only maize-based systems, two 
of which included a soybean rotation. In the N rate study, sorghums had total 
aboveground biomass and EtOH yields that were either similar to, or higher than maize. 
The photoperiod sensitive sorghum had the highest biomass and EtOH yields, 
(30 Mg ha-1 dry wt. and over 12,000 L EtOH ha-1). The lowest yielding sorghum 
hybrid/line was the commercial grain sorghum hybrid, which produced biomass and total 
EtOH yields (20 Mg ha-1 dry wt. and 7,000 L EtOH ha-1) similar to maize. The 
concentrations and contents of total non-structural carbohydrates (TNCs) and total fibers 
(TFs) varied markedly among hybrids/lines. The concentration of TFs were negatively 
correlated to TNCs (r=-0.8). A higher content of EtOH convertible carbohydrates (TFs 
plus TNCs) was associated with a higher pool of non-convertible extractives. Biomass 
yield was the main driver for EtOH yields, as the theoretical equations that were used 
suggests only minor differences in conversion efficiencies and rates among the different 
carbohydrate pools. The lowest N rate of 67 kg N ha-1 had the highest incremental 
increase in biomass yield for all sorghums. Consistent with this, the economic analyses 
also exhibited that this N rate (67 kg N ha-1) had the largest marginal gain. When no N 
fertilizer was applied, the highest yielding sorghum hybrids/lines still had EtOH returns 
from stover as high as $6000 ha-1, compared to the grain hybrids which had $<2000 ha-1 
at 0N. The N balance study revealed that the bioenergy residue removed systems 
exported the highest quantities of N in the plant tissue and maintained average biomass 
yields (13-14 Mg ha-1) over the 5 years, with no evidence of decreased productivity due 
to residue removal. Also no negative impact on subsurface drainage water quality was 







nitrate (NO3-N) concentrations in the subsurface drainage water than the residue removed 
systems. Results suggest that the biological N fixation occurring in the soybean 
contributed to a general trend of higher cumulative NO3-N loads in subsurface drainage 
water from the rotated systems compared to the continuous systems. From 
environmental, agronomic and economic viewpoints, our collective results demonstrate 
that all hybrids/lines assessed in this study could be more produced as biomass feedstock 
for cellulosic EtOH production in the Eastern Cornbelt of the US, Midwest. They could 
be more efficiently produced with lower N rates, and sorghum tended to perform better 







CHAPTER 1. INTRODUCTION 
1.1 Background and Current Knowledge Gap 
Globally, there has been a renewed interest in using biomass as an energy source in 
order to decrease dependence on fossil fuels (McKendry, 2002). In the United States, 
cellulosic biomass has gained recent attention as an alternative source of energy to 
address current concerns regarding national energy security and environmental and 
economic sustainability (Wyman, 2007). As development of commercial bioenergy 
production has progress, there have been concerns regarding the impact bioenergy 
production from agricultural resources will have on food prices and availability 
(Huesemann et al., 2010; Selfa et al., 2011). More specifically, the grain from maize (Zea 
mays L.), which is used for feed and food, is also the major feedstock for ethanol (EtOH) 
production (USDA-ERS, 2015). To ease some of this tension around using maize for 
biofuel production, the US Congress passed the Energy Independence and Security Act 
(EISA) in 2007. The EISA mandated that by 2022, only 54 billion liters of biofuels per 
year (BLY) of the required 136 BLY of biofuels should be from maize grain. Of the 
remaining products, at least 64 BLY should be produced from non-food feedstock, 






The cellulosic biofuels are also considered as a portion of the 79.5 BLY of non-maize 
biofuels referred to as ‘advanced biofuels’ required by the EISA (Bracmort et al., 2010; 
US-EPA, 2011). As maize grain EtOH production approaches the EISA 2007 limit 
(Schnepf and Yacobucci, 2013), it will be necessary to shift production to non-maize 
grain EtOH.  
The stover (leaves and stems) or straw of maize and other C4 grasses have been at the 
center of research for the cellulosic and advanced biofuel industries (Byrt et al., 2011). 
Maize and other C4 grasses [such as sorghum (Sorghum bicolor L. Moench) switchgrass 
(Panicum virganum L.) and Miscanthus (Miscanthus x giganteus)] use less water, 
nutrients, and energy per unit of carbohydrate produced in comparison to C3 crops (Byrt 
et al., 2011). It has been suggested that compared to bioenergy produced from only 
fermentable sugars and grains, the carbohydrates in the vegetative biomass of these crops 
could possibly yield up to five times more net energy per unit land area and emit 
approximately one quarter of the greenhouse gases (Farrell et al., 2006). One advantage 
that annual C4 crops such as maize and sorghum have over perennials such as switchgrass 
and Miscanthus is that their first economic crop will be realized the year they are first 
planted; thus they do not require 2-3 years to be established and harvested  (Schnepf and 
Yacobucci, 2013). Additionally, the grain for maize and sorghum have already been in 
use as for bioethanol production and thus feedstock production for biofuels may be better 
understood by producers (Dahlberg et al., 2011; Kansas Grains, 2014; US-EPA, 2012).  
This familiarity with the grain of the bioethanol feedstock may allow an easier transition 






In addition to the familiar production practices for sorghum, two other characteristics  
that allow sorghum to be a practical option for bioethanol is that it has been documented 
to exhibit higher nitrogen (N) use efficiency and water stress tolerance in comparison to 
maize (Lemaire et al., 1996). Sorghum has generally demonstrated higher yields than 
maize under low-N environments  (Lemaire et al., 1996) and seems to be well-adapted 
for environments where water stress and/or water logging might be a factor (Rao et al., 
2009; Saballos, 2008). These attributes may result in more consistent agronomic 
performance across locations and environments where weather variation is high (Varvel, 
1995). However, it is necessary to determine how various types of sorghum will perform 
under different conditions. It has been projected that there will be some changes in the 
Midwestern US climate and the Eastern Corn Belt region could experience increased 
frequency of droughts (Pryor et al., 2014; Wuebbles and Hayhoe, 2004). Climate 
predictions suggest that future conditions in this region may resemble current climatic 
conditions in the southwestern portions of the Corn Belt (Pryor et al., 2014; Wuebbles 
and Hayhoe, 2004) where sorghum has been thriving because of its tolerance to drought 
and high temperatures. 
Nitrogen fertilization is among the most critical considerations in crop management 
(Gardner et al., 1994). The Haber-Bosch process used to manufacture N fertilizer requires 
high energy and contributes to greenhouse gas emissions (Erisman et al., 2008). 
Nevertheless, N is one of the primary nutrients that can limit crop production (James and 
Baldani, 2012; Rathke et al., 2007) and is a major input investment for Midwestern crop 
production (Dinnes et al., 2002). Nitrogen also plays a major role in water quality. Excess 






Mississippi River and the hypoxic zone in the Gulf of Mexico (Burkart and James, 1999; 
Mitsch et al., 2001). Therefore, potential bioethanol crops that have low N demands and 
high N use efficiency may reduce the amount of N fertilizer used, making bioethanol 
production more economically and environmentally viable (Dweikat et al., 2012).  
In order to achieve maximal bioconversion efficiency, it will be necessary to know 
the composition of the feedstock being used (Huesemann et al., 2010; Murray et al., 
2008). Bioethanol conversion plants will require the potential bioethanol feedstocks to 
have a high concentration of carbohydrates than can be converted to ethanol with low 
economic and energy inputs in order for conversion to ethanol to be efficient and 
profitable. Within sorghum, a wide variation exists in the proportion of readily 
convertible carbohydrates, which are derived from grain starch, soluble sugar and 
lignocellulosic carbohydrates in the stover (Dweikat et al., 2012; Rooney et al., 2007). 
Additionally, carbohydrate concentrations in the stover can vary with sorghum types. For 
instance lignin concentrations are lower in sorghums with the the bmr mutation (Dweikat 
et al., 2012).  
Sorghum therefore has multiple end uses from silage (for feed), molasses and syrups, 
to paper and pulp production (Amaducci et al., 2004). However, as feedstock producers 
decide on the most ideal hybrid/line, they will have to keep in mind that maturity, 
storage, and harvesting methods, differ among contrasting sorghum hybrids/lines 
(Turhollow et al., 2010). These factors may alter the inputs and ethanol outputs and thus 
overall efficiency of the conversion process. Biomass composition will also inform 
bioengineering approaches to maximize conversion of carbohydrates to EtOH. For 






et al., 2008), however minerals such as N and potassium can compromise the processing 
equipment for bioconversion (Jenkins et al., 1998). Another example by which 
composition information can be beneficial is when bioethanol producers have to consider 
the necessary equipment for post-harvest management of contrasting sorghum 
hybrids/lines; for instance, sorghums with higher sugar contents may require different 
equipment for harvest and storage than maize and grain sorghum (Turhollow et al., 
2010). 
Sorghum has the potential to be a leading candidate for cellulosic bioethanol 
production, especially with the late 2011 approval of sorghum grain as a qualified 
renewable fuel by the RFS program (US-EPA, 2011). There has been an increase in the 
number of acres of sorghum that were planted in the US has over the past few years 
(USDA-NASS, 2015a). From 2014 – 2015 alone, there was a 24% increase in acres of 
sorghum planted (USDA-NASS, 2015a).  It is projected that there will be a continued 
increase in acreage planted (USDA-NASS, 2015b) and it is anticipated that the use of 
sorghum for grain ethanol will also increase (USDA-OCE, 2015). Additionally, there are 
petitions out for sorghums, like sweet sorghum, to be sanctioned as non-grain ethanol 
feedstock in the RFS2 (NSP, 2013; Perkins, 2013). More research is needed to 
understand the agronomic performance as well as the economic and environmental 
impact of growing sorghum in regions currently dominated by maize-based cropping 
systems. This is especially important for these maize producing areas as they would 
potentially provide the landscape for sorghum to be grown on a large scale for bioethanol 
feedstock. The research ought to provide information to aid in understanding potential 






feedstocks on such a large scale to sustainably achieve the levels of ethanol production 
required by the US government.  
1.2 Research Objectives and Organization 
This dissertation will focus on the compositional attributes and N dynamics of 
sorghums compared to maize as they relate to bioethanol feedstock. The research is 
designed to address the crop physiology, theoretical bioethanol production, economic 
factors, and environmental implications associated with N fertilization management in 
the US, Midwest. The overarching and specific objectives, hypotheses and general aims 
of each chapter are as follows: 
 Chapter 2.   
o Objective: Compare structural and non-structural carbohydrate 
partitioning and yield as a function of N fertilizer among 5 sorghum 
hybrid/lines and a maize hybrid. 
o Specific Objectives:  
 Characterize the partitioning of carbohydrates within five sorghum 
hybrids/lines selected for diverse traits relevant to bioenergy 
production inclusive of a commercial sorghum grain hybrid as a 
control, as compared to the carbohydrate partitioning of a 
commercial maize grain hybrid.  
 For multiple environments, evaluate the impact of N fertilizer rate 
on partitioning of carbohydrates within sorghum hybrids/lines in 







 Contrasting sorghum hybrids/lines and maize will differ in stover 
carbohydrate pools. 
 There will be genotype by environment by N effects on biomass 
yield and carbohydrate pools within the stover of these 
hybrids/lines.   
o Rationale 
 To inform readers about the carbon pools in the plants relevant to 
ethanol production and their interaction with N management and 
environments, important for the improvement of sorghum as a 
biomass feedstock for ethanol production. 
 Chapter 3.   
o Objective: Characterize theoretical ethanol production derived from the 
structural and non-structural carbohydrates of the five diverse sorghum 
hybrids/lines and the maize hybrid and compare the economic and energy 
efficiency as influenced by N. 
o Specific Objectives:  
 Compare the contributions of structural and non-structural 
carbohydrate yields to total theoretical EtOH yield (TEY) and 
stover TEY (STEY) for maize hybrid and sorghum hybrids/lines 
that vary in stover carbohydrate compositions. 
 Assess the impact that N has on the production of STEY of the 






 Determine the economic returns of the STEY from each of the 
hybrids/lines with incremental increases in N fertilizer application.  
o Hypotheses 
 Contrasting sorghum hybrids/lines and maize will differ in total 
and stover EtOH yield due to differences in carbohydrate 
compositions. 
 There will be genotype by environment by N effects on the EtOH 
produced from the total biomass and the stover of each of the 
hybrids/lines. 
 Marginal economic returns of stover EtOH will be greatest with 
the highest agronomic N use efficiency.   
o Rationale 
 To understand how stover composition and N relate to EtOH 
production and the role that the stover composition and N play in 
the EtOH convertibility of sorghum as a bioenergy feedstock. 
 Chapter 4.   
o Objective: Compare maize and sorghum agroecosytems with potential for 
lignocellulosic bioenergy feedstock production with conventional grain-
only maize and maize-soybean agroecosystems as they relate to simple 
field N budgets, with a focus on N loss to artificial tile drains.  
o Specific Objectives:  
 Evaluate the productivity of continuous sorghum and maize 






maximum residue removal, and compare these systems to 
conventional tilled grain-only systems including continuous maize 
and maize-soybean rotational systems.  
 Characterize system-level impacts on N removed in yield (biomass 
and/or grain) and N lost to surface water via tile drains. 
o Hypotheses 
 Each agroecosystem will vary in harvested yield, with the residue 
removal systems having the highest total biomass yield. 
 Residue removal agroecosystems will remove more N from the 
system than the grain-only agroecosystems. 
 There will be no differences in N concentration and load in the 
subsurface water drainage due to agroecosystem 
o Rationale 
 To address implications for subsurface water quality of removing 
residue from continuous systems as is required for cellulosic 
bioenergy production.  
 Chapter 5.   
o Objective and Rationale 
 To synthesize and integrate the findings of the research studies 
conducted on the potential of sorghum and maize as bioethanol 
feedstock grown in the US Midwest, based on the overall 






 To discuss possible further studies that could aid in understanding 
the agronomic, economic and socio-political factors important for 
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CHAPTER 2. STRUCTURAL AND NON-STRUCTURAL CARBOHYDRATE 
PARTITIONING AND TRADE OFFS AMONG SORGHUM HYBRIDS/LINES IN 
COMPARISON TO A MAIZE HYBRID FOR POTENTIAL BIOENERGY 
FEEDSTOCK PRODUCTION 
2.1 Abstract  
Sorghum (Sorghum bicolor L.) has high biomass potential when grown in the US 
Midwest. However, the effect of this environment and N management on yield and 
composition which are important for lignocellulosic ethanol production is poorly 
understood. The objective of this study was to characterize the portioning of carbohydrate 
pools within distinct sorghum hybrids/lines and maize (Zea mays L.) across multiple 
environments in the Midwest as influenced by N fertilizer rates. Maize and five sorghum 
hybrids/lines characterized by high grain starch, low-lignin, high fermentable sugars, 
high biomass and a dual-purpose with high grain and stover yields, were evaluated across 
3 site-years. The stover was analyzed for total above-ground biomass at harvest, 
structural carbohydrate (hemicellulose, cellulose, and lignin) and non-structural 
carbohydrate (sugars and starches) composition at 0, 67, 35, and 202 kg fertilizer N ha -1. 
Total above-ground biomass yields of sorghum hybrids/lines were either comparable or 
significantly higher than maize, ranging from approximately 19 to 30 dry wt. Mg ha-1, 
with grain to biomass harvest indices ranging from 0.13 to 0.43. In general analysis of 
variance found that sorghum stover yields were maximized at 67 kg N ha -1; when no N 







to maize. Across all hybrids/lines, 200 kg N ha-1 decreased hemicellulose concentration 
by 11 g kg-1 and increased lignin concentration by 8 g kg-1 when compared to the 0 kg N 
ha-1 control; all other carbohydrate concentrations were unaffected by N.  There was a 
strong, negative relationship (R2=-0.77) between concentrations of total fibers 
(hemicellulose and cellulose) and non-structural carbohydrates. The carbohydrate pool 
size was driven by biomass yield and, thus, each convertible carbohydrate component 
was only significantly increased with the first increment of N fertilizer (67 kg N ha-1). 
These results indicate that despite differences in carbon partitioning each contrasting 
sorghum hybrids/lines could be a viable ethanol feedstock in the US Midwest, especially 
compared to maize, depending on commercial conversion technology.  
2.2 Introduction 
There has been a concerted and committed effort to sustainably reduce the United 
States dependence on fossil fuels. One such effort is the Renewable Fuels Standard 
(RFS2) program  (Manatt et al., 2013; Shoemaker et al., 2010; US-EPA, 2010). The 
RFS2 mandates production of 18.9 billion liters of biofuels from non-maize (Zea mays 
L.) grain starch and 60.6 billion liters from non-food feedstock by the year 2022 (US-
EPA, 2010). In order to meet this aggressive goal, it is estimated that at least 1 billion dry 
tons of lignocellulosic feedstock per annum will need to be produced (Perlack et al., 
2005). Grasses with the C4 photosynthetic pathway, including maize and sorghum 
(Sorghum bicolor L. Moench), possess the ability to produce carbohydrates more 
efficiently when compared to those with the C3 photosynthetic pathway (Byrt et al., 







source of food, feed, and more recently, bioethanol from grain. Therefore, these crops are 
being considered as cellulosic feedstock.   
The US – Department of Energy’s National Renewable Energy Lab (NREL) is 
currently optimizing the process of lignocellulos ic bioethanol conversion from maize 
stover (Humbird et al., 2011), due to the dominance of maize in US agricultural 
landscapes (Humbird and Aden, 2009). However, sorghum, which is widely considered 
to be more nutrient efficient and drought tolerant than maize (Miller and McBee, 1993; 
Quinn et al., 2015), has been proven to withstand some waterlogging and is considered 
adaptable to many environments (Quinn et al., 2015; Saballos, 2008; Shoemaker et al., 
2010). Therefore, with the expanding bioenergy economy, sorghum has the potential to 
replace maize as a primary bioethanol crop and/or serve as a secondary or a short-cycle 
crop within rotations, especially in lands considered marginal for maize. Further, with 
enhanced climate variability, lands currently suited to maize production may experience 
changes in rainfall (and drought) intensity and frequency (Pryor et al., 2014; Wuebbles 
and Hayhoe, 2004).   
Sorghum is also known for its diversity of marketable uses and grain, sweet, 
forage, and high-tonnage (energy) sorghums (Miller and McBee, 1993) all offer 
opportunities for repurposing to bioenergy production (Cai et al., 2013; Miller and 
McBee, 1993; Saballos, 2008). At present, grain sorghum is the dominant type produced 
in the US. Historically, it has been grown for livestock feed. More recently, it is second 
only to maize in use as a grain starch ethanol (EtOH) feedstock (Cai et al., 2013) 
routinely processed at some US EtOH plants (Cai et al., 2013; Saballos, 2008; Shoemaker 







low stover yield potential than other forage sorghums (Saballos, 2008; Turhollow et al., 
2010). Sweet sorghum stalks contain up to two times more non-structural carbohydrates 
than in the stalks of grain sorghums but have generally produced low grain yields (Vietor 
and Miller, 1990). Nevertheless, both the grain starch and stalk sugar of sweet sorghum 
represent significant quantities of nonstructural carbohydrates for direct and efficient 
conversion to EtOH (Linton et al., 2011; Sawargaonkar et al., 2013; Stefaniak et al., 
2012). Further, following sugar extraction, the bagasse of sweet sorghum may be used as 
lignocellulosic feedstock (Saballos, 2008; Shoemaker et al., 2010; Zhao et al., 2009).  
Forage sorghum biomass is typically characterized by leafy, thin stems that are 
easily digestible by animals and is used for silage or hay with dry matter yields 
comparable to maize.  Identification of the brown midrib (bmr) mutation and its 
introgression into elite sorghum backgrounds has lowered lignin concentration and 
increased animal preference (Propheter et al., 2010; Shoemaker et al., 2010; Stefaniak et 
al., 2012). Low lignin in forage sorghum could prove to be advantageous to bioethanol 
conversion processes. Previous research on biological (rumen) digestibility conclusively 
demonstrated that low lignin enhances bioconversion of  sorghum cellulose and 
hemicellulose (Cherney et al., 1986). In order to increase biomass yield, photoperiod-
sensitive lines have been deployed in northern latitudes where delayed flowering 
lengthens vegetative development resulting in higher stover biomass yields than is typical 
of forage sorghum types (Maughan et al., 2012; Turhollow et al., 2010).  
Ultimately, optimizing the US crop portfolio to meet biomass production 
mandates requires that suitable quantities of the feedstocks match the specifications of the 







three current or emerging bioethanol conversion pathways that are candidates to achieve 
the aforementioned 2022 goals (Gill et al., 2014; Saballos, 2008). Biorefineries are 
anticipated to retrieve EtOH from i) grain starch through hydrolysis and fermentation, ii) 
non-structural carbohydrates directly through fermentation and iii) structural 
carbohydrates through different pretreatment, saccharification and fermentation processes 
(Corredor et al., 2009; Gill et al., 2014; Saballos, 2008). Although conversion 
technologies themselves remain the subject of intensive research, a better understanding 
of the key composition attributes of candidate bioenergy crops will position farmers to 
make cropping system decisions to meet the future intake demands of a local conversion 
enterprise. Because sorghums have not been widely grown in the US North Central 
region, a comparative assessment of yield and carbohydrate composition in the divergent 
types of sorghums will inform both management decisions and breeding efforts directly 
targeting sorghum crop improvement as a bioenergy crop for the region (Murray et al., 
2008a; Rooney et al., 2007). Management, genotype and the interaction of these factors 
with environment have been shown to have significant impact on plant composition and 
yields of structural and non-structural carbohydrates (Almodares et al., 2008). A critical 
factor in crop management is nitrogen (N) fertilization (Cai et al., 2013). The rate of N 
fertilization could significantly influence yield, composition and partitioning of structural 
and non-structural carbohydrates  in the plant (Almodares et al., 2009).  
This study presented here will assess five sorghum hybrids/lines with distinct 
characteristics that have been selected for their potential as a bioethanol feedstock for the 
Midwest Cornbelt. More specifically, these sorghums are commercial hybrids and/or 







high biomass or are dual-purposed with high grain and stover yields. Here we evaluate 
tissue carbohydrate composition as influenced by N application rate, hybrid/line, 
environment, and their interactions. A companion paper (Rivera-Burgos, 2015) provides 
a more detailed analysis of agronomic performance of these and other hybrids/lines 
including a comprehensive analysis of crop nitrogen use efficiency. The research reported 
here aims to provide information that breeders, farmers and bioethanol refiners can 
employ in their selection process for developing, producing and utilizing sorghum as a 
lignocellulosic bioenergy feedstock. The specific objectives of this study were to:  
i. Characterize the partitioning of carbohydrates within five sorghum 
hybrids/lines selected for diverse traits relevant to bioenergy production inclusive 
of a commercial grain sorghum as a control as compared to carbohydrate 
partitioning with that of a commercial maize hybrid, and 
ii. For multiple environments, evaluate the impact of N fertilizer rate 
on partitioning of carbohydrates within sorghum hybrids/lines in comparison to 
maize.  
2.3 Materials and Methods 
2.3.1 Site Description 
This study was conducted across three site-years. In 2008 and 2010, the research 
was conducted at the Purdue University Agronomy Center for Research and Education 
(ACRE) located in West Lafayette, IN (4029’41.67”N; 8659’26.46”W). In 2008, there 
was an additional site at Pinney Purdue Agriculture Center (PPAC), Wanatah, IN 







loam (fine-silty, mixed, superactive, mesic Typic Endoaquolls) and Raub silt loam (fine-
silty, mixed, superactive, mesic Aquic Argiudolls). The soils for the PPAC site were a 
Tracy sandy loam (coarse-loamy, mixed, active, mesic Ultic Hapludalfs) and Bourbon 
sandy loam (coarse-loamy, mixed, active, mesic Aquultic Hapludalfs) (USDA, 2014).  
Rainfall totals for the growing season (May - October) for ACRE and PPAC in 2008, and 
ACRE in 2010 were 586.5 mm, 742.4mm and 629.9 mm, respectively. Monthly mean 
temperatures (average monthly minimum and maximum) for the growing season for each 
year were 18.3⁰C (3.3-28.5 ⁰C) for ACRE 2008, 17.2⁰C (2.9-28.8⁰C) for PPAC 2008 and 
20.1⁰C (3.0-30.6⁰C) for ACRE 2010 (Indiana State Climate Office, 2014). 
2.3.2 Experimental Design and Crop Management 
All site-years of this experiment were planted following the soybean (Glycine 
max L.) crop in a maize-soybean rotation that used management practices common to 
commercial agriculture in the US Midwest. Planting, harvesting and management 
protocols were similar for all site-years. Experiments were arranged in a randomized 
complete split-plot block design with four replicates (blocks) and two treatment factor 
levels. The main plot factor was N fertilizer rate with crop hybrid or line assigned to 
subplots within the main plot. The N rates were 0, 67, 135, and 202 kg N ha -1. A 
commercial maize hybrid and five sorghum hybrids/lines were randomly assigned to 
subplots within the N rate main plots; thus, each site-year had 96 treatment plots (4 
reps*4 N Rates*6 hybrids/lines). Fields were disked and cultivated in the spring of each 
year prior to planting, crops were planted the last week of May, and N was applied 







2.3.3 Plant Material and Planting 
Divergent profiles with respect to source of carbohydrate for EtOH production 
were primary criteria in the selection of sorghums hybrids or lines for this experiment 
(Table 2-1). The hybrids were a commercial grain sorghum (Grn-S; primary EtOH 
source: starch), to serve as a second experimental control along with commercial maize,  
a low-lignin forage sorghum with the brown mid-rib (bmr) trait (BMR-S; hemicellulose 
and cellulose), and a dual-purpose sorghum with high grain and stover yields (DualP-S; 
hemicellulose, cellulose and starch). The latter two hybrids were developed in the Purdue 
University sorghum breeding program. The sweet sorghum line is commercially available 
for sugar production (Sweet-S; soluble sugars, hemicellulose and cellulose). In extreme 
latitudes (> 30o N or S), the photoperiod-sensitive line remains vegetative throughout the 
growing season (PhotoS-S; hemicellulose and cellulose). Each plot had four 6.1 m rows 
with an inter-row spacing of 76 cm. The outside two rows of each plot were buffer rows.  
The sorghums were seeded at a 5-cm depth with 2.5 g seed/ 6 m row and thinned 3 weeks 
post-planting to approximately 6 plants/ 30 cm. Although sorghum seed was pretreated 
with fungicide (Captan at 0.1%) to ensure emergence, a standardized seeding rate was 
necessary as the germination rates for the sorghum lines were unknown. Maize was 
planted at 40 seeds/ 6 m row and also thinned at 3 weeks to achieve populations typical 
of commercial production (75,000 plants ha-1).     
2.3.4 Biomass Sampling  
The maize and grain sorghum controls had similar growing degree requirements 
and matured and were harvested on a similar schedule (Table 2-1). Other sorghums 







controls. Total aboveground biomass was sampled 45 days after flowering (50% of 
plants/panicles at half-bloom) for all hybrids/lines except Is7777 (PhotoS-S), which was 
harvested on the final day of harvesting the other hybrids/lines at each site-year. Harvest 
dates ranged between Sept.17th to Oct. 21st at ACRE 2008; Sept. 22nd and Oct 23rd at 
PPAC 2008; and Oct 19th and Oct 27th at ACRE 2010 (Table 2-1).  The harvest area was 
the innermost 4.7 m2 of each subplot (inner 3 m of the two inner plot rows).  All 
plants/stalks within the harvest area were counted and 10 plants/stalks were hand-cut at 
the soil surface (5 plants/row); all remaining ears/panicles were then collected from the 
harvest area. At both 2008 site-years, populations for PhotoS-S were estimated in only 
one replicate of each subplot (1 plot at each N rate) and the counts at each location were 
averaged; PhotoS-S plants were estimated at 172,223 plants ha-1 at ACRE 2008, and 
178,681 plants ha-1 at PPAC 2008.  
Harvested plants/stalks were immediately partitioned into ears/panicle and stover, 
and stover fresh weight was recorded. The stover was immediately processed through a 
mechanical forage chopper, and a subsample of chopped stover was collected and its 
fresh weight recorded. Stover subsamples were then oven dried at 60°C to constant 
weight and dry weights were recorded. Husks from the ears of the 10-plant sample from 
maize subplots were removed, dried separately and integrated with the maize stover 
biomass samples. All panicles/ears were oven dried for 3-4 days to achieve moisture 
contents suitable for storage and were hung on racks in cloth bags and air dried for 3-4 
months until threshing. Sorghum panicles were threshed using a low-profile plot thresher 
(LPR Thresher, Almaco, Iowa), and maize ears were threshed using a hand sheller 







60oC to constant weight and dry weights were recorded. Dried grain and stover was 
ground to pass a 1-mm screen and stored in 24 oz. Whirl-pak™ bags.  Maize cobs were 
weighed and values were included in ear and total yield calculations. Non-grain panicle 
tissues (rachis, branches, glumes, lemma) of sorghum were discarded and not included in 
total head weight calculations. All grain and biomass values are reported at 0% moisture 
content. 
2.3.5 Laboratory Analyses 
2.3.5.1 Non-Structural Carbohydrates Analyses 
Mono- and di-saccharides were extracted from 500 mg (+50 mg) of dried stover 
tissue with 1 mL 800 mL L-1 ethanol solution in microfuge tubes. Tubes were vortexed to 
suspend tissues, agitated for 10 min on a horizontal shaker, centrifuged at 14,000 × g for 
10 min at 4⁰C, and the supernatant retained. This ethanol extraction process was 
sequentially repeated three times and the combined three supernatants were diluted to a 
final volume of 10 mL with 800 mL L-1 ethanol. Tubes with ethanol-extracted residue 
were dried at 50ºC overnight and retained for starch analysis. Sugar concentrations in 200 
μL aliquots from ethanol extracts were determined with anthrone (Koehler, 1952) using 
glucose (in 800 mL L-1 ethanol) as a standard. Absorbance at 625 nm was determined 
with a spectrophotometer (GENESYS 10UV, Thermo Fisher Scientific, Waltham, MA).  
Five hundred microliters of double-deionized water was added to the dried, 
ethanol-extracted residues and residue suspensions heated for 10-min in a heat block 
(105ºC) to gelatinize starch. Tubes were cooled to 25C, and 400 μL of 0.2 M Na acetate 







(Sigma-Aldrich Co., St. Louis; product A1602, from Aspergillus niger) and 40 U of α-
amylase (Sigma-Aldrich Co., St. Louis; product A2643, from porcine pancreas) in 100 
μL of 0.2 M Na acetate buffer (pH 5.1) to each tube. Tubes were incubated at 55ºC for 24 
h. Tubes were centrifuged at 14,000 × g for 10 minutes at 4ºC, and a 25 μL aliquot of the 
supernatant diluted to a final volume of 1 mL with double-deionized water. One milliliter 
of Trinder reagent (Glucose Trinder Assay, product 220-32; Diagnostic Chemicals Ltd., 
Oxford, CT) was added to each tube and tubes were incubated for 1 h at 37oC. 
Absorbance was read at 505 nm in a spectrophotometer using glucose standards 
(suspended in double-deionized water). Starch concentrations were calculated as 0.9 × 
glucose concentration. Total nonstructural carbohydrates concentrations (TNCs) were 
calculated as the sum of sugar and starch concentrations.  
2.3.5.2 Structural Carbohydrates Analyses 
Concentrations of neutral detergent fiber (NDF), acid detergent fiber (ADF) and 
acid detergent lignin (ADL) were analyzed via the ANKOM 2000TM protocol (Van Soest 
et al., 1991). Ash concentrations were determined by ashing a 1 g sample at 600oC for 4 
hr. Concentrations of cell wall constituents in dry matter (DM) were determined as 
follows: 
 Hemicellulose: (g NDF kg-1 DM) – (g ADF kg-1 DM)       (eqn. 2.1) 
  Cellulose: (g ADF kg-1 DM) – (g ADL kg-1 DM)        (eqn. 2.2) 
The ‘Other extractives’ pool within the stover was calculated by subtracting ash, 







materials whose bioconversion to ethanol is poorly characterized including protein, 
nucleic acids, and lipids.  
2.3.5.3 Carbon and Nitrogen Analyses 
Dried stover and grain samples were ground in a UDY mill (UDY Corp., Ft. 
Collins, CO) to pass a 0.5 mm screen; approximately 70 mg of material were analyzed 
for total N and C concentrations using a flash combustion elemental analyzer following  
Nelson and Sommers (1996) (Flash EA 1112 Series, Thermo Fisher Scientific, The 
Netherlands).  
2.3.6 Calculations and Statistical Analysis 
Stover biomass yields were calculated from the ten-plant dry weights and 
population counts made at harvest. Total aboveground N and C contents and yields of 
EtOH precursors (hemicellulose, cellulose, starch and sugars) were estimated as the 
product of grain or biomass yield and precursor concentrations in the respective tissues. 
To understand main effects of N rate and crop hybrid/line and main effect interactions on 
biomass yields and on the concentrations and yields of specific EtOH precursors, analysis 
of variance (ANOVA) was conducted using SAS PROC MIXED (SAS, 2004).  Tukey-
Kramer post-hoc analysis and grouping was performed using SAS PD MIX800 (Saxton, 
1998). The main factors were N Rate and hybrid/line in the mixed-effect model where 
block (replication) and site-year were random factors and N Rate and hybrid/line were 
fixed factors. The model utilized F-tests for linear function evaluation (Mead et al., 
2002). The whole-plot (N rate) and interaction effects were tested with error terms 







conducted using SAS PROC REG (SAS, 2004). Aboveground biomass yield was 
regressed against grain, lignin, moisture, and N concentrations and contents. The 
concentration and content of each carbohydrate pool in stover was also regressed against 
each of the other stover pools. 
 
2.4 Results 
2.4.1 Main-Effect Sources of Variation 
All yield and dry matter composition parameters significantly differed with 
hybrid/line (Table 2-2). Nitrogen rate also significantly affected all dry matter and dry 
matter component yields. Nitrogen rate did not impact the tissue concentrations of 
nonstructural carbohydrates and cellulose but did alter tissue concentrations of 
hemicellulose, total fiber, lignin, and ‘other extractives’. Total dry matter and stover 
yields were not significantly different across the three site-years. However, grain yields, 
harvest index, and all component concentrations and contents save lignin content and 
cellulose composition varied significantly among site-years.  
2.4.2 Aboveground Biomass: Yield and Partitioning 
2.4.2.1 Grain Yield 
Averaged across all N rates, the grain hybrid controls, maize and Grn-S, produced 
highest grain yields at each site-year while Sweet-S consistently produced grain yields 
that were lower than all other grain-producing hybrids/lines (Figure 2-1). Among site-
years, average yields at ACRE in 2010 (5020 kg ha-1, averaged over N rates and 







2008 site-years, which were virtually identical to each other (approximately 6565 kg ha-
1).  In 2010, grain yields were reduced for maize and all sorghum hybrids/lines with the 
exception of Grn-S. Across all N rates, Grn-S averaged 8113 kg ha-1 at ACRE in 2010, 
which was not statistically different from the average Grn-S yields achieved in the other 
site-yrs; in 2010, Grn-S produced higher grain yields than any other sorghum hybrid/line.  
Across all hybrids/lines, including maize, the lowest grain yields were at the 0 kg 
N ha-1, while yields were maximized at 135 kg ha-1. In the high-yielding site-years 
(2008), the grain yield response of maize to N fertilizer increments was greater than for 
all sorghum hybrids/lines including the Grn-S control. The N fertilizer increased maize 
yields 2.2- to 3.5-fold while sorghum yields increased 1.3 to 2.7-fold when compared to 
yields without N fertilizer. In the low-yielding site-year, DualP-S and BMR-S grain 
yields were highly responsive to N (8.0- and 6.8-fold increases, respectively) while maize 
yields only increased 3.7-fold; Grn-S and Sweet-S grain yields were not highly 
responsive to N in any site-year (1.3- to 2.1-fold increases with N). Irrespective of site-
year, Grn-S produced markedly similar and high grain yields when no fertilizer was 
applied (6400 to 6516 kg ha-1), as it maintained grain yields that were higher than the 
grain yields obtained from all other hybrids/lines with 0 kg N ha -1. 
2.4.2.2 Stover and Total Aboveground Yields 
Averaged across all hybrid/lines and site-years, stover and total yield were also 
lowest when no N fertilizer was applied (12528 and 16459 kg ha -1, respectively; Figure 
2-2). In contrast to grain response to N,  the first increment of N fertilizer (67 kg ha-1) 







(1.3-fold or 26% increase; Figure 2-2a). Averaged across all N rates, the commercial 
hybrid controls (maize and Grn-S) had the lowest stover yields (approximately 9100 kg 
ha-1). The DualP-S had approximately 35% higher stover yields when compared to the 
commercial hybrids. The sorghum lines (Sweet-S and PhotoS-S) produced 55 and 142% 
more stover biomass, respectively, than DualP-S, and 109 and 227% more stover than 
maize and Grn-S, respectively. 
Across all N rates and site-years, the stover yield of PhotoS-S (29,887 kg ha-1), 
which produces no grain, was greater than the total aboveground biomass of all the grain-
producing hybrids/lines (Figure 2-2b). The Sweet-S with its limited grain yields (Figure 
2-1) had the second highest aboveground biomass (22,214 kg ha-1). Overall, the maize 
and the sorghum hybrids (Grn-S, BMR-S, and DualP-S) had similar aboveground 
biomass yields (approximately 18,800 kg ha-1).  Across site-years and hybrid/lines, 135 
kg N ha-1 maximized aboveground biomass. However, variation in aboveground biomass 
at a given N rate was pronounced and response of individual hybrid/lines including maize 
to N was statistically maximized at 67 kg N ha-1. The exception was Grn-S where 
aboveground biomass response to N was not significant. 
Among grain-producing hybrid/lines, higher mean grain yields were associated 
with lower mean stover yields. For example, the Grn-S produced >5,000 kg ha-1 more 
grain that Sweet-S, but Sweet-S produced >10,000 kg ha-1 more stover than Grn-S. The 
relationship between grain and stover yield was negative across all hybrid/lines, although 
the regression relationship was weak (R2=0.13, P<0.01; data not shown). The ratio of 
grain mass to total aboveground biomass (harvest index, HI) was significantly different 







maize and Grn-S were similar (0.41 and 0.43, respectively). Although statistically lower 
than the HI of Grn-S, the mean HI of BMR-S (0.37) was not significantly different than 
that of maize. Sweet-S had the lowest HI (0.12) of the grain-producing hybrids/lines, 
while the HI of DualP-S was intermediate to that of Sweet-S and the other hybrid/lines. 
The PhotoS-S did not produce grain. The application of N fertilizer significantly 
increased the HIs of maize, BMR-S and DualP-S. At higher N rates, the HI of maize was 
0.46 and identical to that of Grn-S although the response of HI to N for Grn-S was not 
significant. The HI of Sweet-S also did not respond significantly to N fertilizer. 
2.4.3 Stover Composition:  Concentration, Content, and Partitioning  
2.4.3.1 Total Non-Structural Carbohydrates (TNCs)  
As expected, Sweet-S maintained the highest concentration of stover sugars (238 g 
kg-1) averaged across all N rates, which was approximately 5-fold greater than sugar 
concentrations in maize and Grn-S controls and at least 2-3 fold higher than other 
hybrid/lines (Table 2-3). The PhotoS-S and DualP-S had similar sugar concentrations 
(approximately 110 g kg-1), which were both significantly lower than sugar 
concentrations in Sweet-S but higher than in BMR-S (82 g kg-1) and the maize and grain 
sorghum controls.  Within and among hybrid/lines, N fertilizer did not alter sugar 
concentrations.  
Although starch concentrations in the stover were magnitudes lower than sugar 
concentrations, Sweet-S still maintained the highest starch concentration (12.8 g kg-1; 
averaged across all N rates) when compared to all other hybrid/lines. Maize, with 







stover starch concentrations than the remaining sorghum hybrids/lines. Starch 
concentrations in Sweet-S increased with 67 kg N ha-1. Maize starch concentrations also 
responded to N fertilizer but the response was not consistent. In contrast, Grn-S had the 
lowest starch concentrations in stover of all the hybrid/lines and there was no effect of N 
on starch concentrations in this hybrid, and any of the remaining hybrids/lines.  
Nitrogen also had no effect on the TNC (sugar + starch) concentrations, within and 
across all hybrid/lines (Table 2-3). As most of the TNC pool was comprised of sugars, 
the TNC concentrations among hybrid/lines followed the trends and ranking of the sugar 
concentration. The TNC concentrations ranged from a low of close to 50 g kg-1 in maize 
and Grn-S to 250 g kg-1 in Sweet-S. 
Reflecting both its high biomass and comparatively high sugar and starch 
concentrations, Sweet-S produced the greatest amount of sugar and starch in stover as 
compared to all other hybrids across all N rates (Table 2-4). Sweet-S produced an 
average of 4,468 kg sugar ha-1, which was over 1000 kg ha-1 more sugar than PhotoS-S, 
and over 10-fold the sugar produced by the commercial hybrids (maize and Grn-S). 
Averaged over hybrid/lines, the stover sugar content per-hectare increased with the first 
increment of N, but not thereafter. Among hybrid/lines, the sugar content of only Sweet-S 
and PhotoS-S were impacted by N rate. Sweet-S produced the highest sugar content in 
the stover at 135 kg N ha-1, while PhotoS-S had similarly high sugar content at 67 kg ha-1 
and 202 kg ha-1. As with stover sugar content, the starch content in the stover increased 
with the first increment of applied N, when averaged over all hybrids. However, among 
hybrids/lines, only starch of the Sweet-S responded to N rate; the starch content more 







the stover (247 kg ha-1) and the Grn-S produced the lowest, with only 16 kg ha-1 of 
starch. Stover starch contents of maize, BMR-S and DualP-S were similar and averaged 
49 kg ha-1, statistically greater than the starch content of Grn-S stover. While starch 
concentrations of PhotoS-S stover were not different from any other hybrid/line except 
Sweet-S (Table 2-3), high biomass drove starch yields to 86 kg ha-1 (Table 2-4). Given 
TNC content was > 88% sugar, TNC content trends among hybrid/lines were similar to 
sugar contents. The commercial hybrids had the lowest average TNC yields and Sweet-S 
had the highest TNC yields, followed by PhotoS-S, DualP-S and BMR-S, respectively. 
2.4.4 Stover Fiber  
Averaged over hybrid/lines, hemicellulose concentrations decreased significantly 
from 278 to 267 g kg-1 at 0 and 202 kg N ha-1, respectively (Table 2-5). However, N 
fertilizer rate did not impact cellulose concentrations when averaged across all hybrids 
and lines (Table 2-5). Within a given hybrid/line, N rate did not affect hemicellulose 
concentration. All concentrations were highest in maize (316 g kg-1) and lowest in Sweet-
S (220 g kg-1), with the other sorghum lines ranging from 261 g kg-1 (DualP-S) to 294 g 
kg-1 (Grn-S).  In contrast, cellulose concentrations in Sweet-S were significantly reduced 
with 135 kg N ha-1 when compared to 0 kg N ha-1. The intermediate cellulose 
concentrations observed at the other two N rates were similar (258 – 262 g kg-1). Stover 
cellulose concentrations within other hybrid/lines were not affected by N; mean 
concentrations were highest in maize (349 g kg-1) and declined to 264 g kg-1 in Sweet-S. 
Total fiber (TF) concentration, which is the combination of hemicellulose and cellulose, 
was also not impacted by N rate. Also hybrid/line trends for the TF concentrations were 







concentrations in maize (666 g kg-1, averaged over N rates) and lowest in Sweet-S (484 g 
kg-1). Among remaining sorghums, TF concentrations ranged from 639 g kg-1 in Grn-S 
down to 592 g kg-1 in DualP-S. The Grn-S was the only hybrid for which TF 
concentration interacted with N rates; the highest and lowest TF concentrations were 
observed at 0 and 135 kg N ha-1, respectively. The TF concentration in Grn-S at 0 N kg 
ha-1 was numerically higher than the TF concentrations for all other sorghums at any N 
rate. 
The first increment of N significantly increased stover contents of hemicellulose, 
cellulose and TF when averaged over all hybrid/lines (Table 2-6). Within hybrid/lines, 
there was a trend of increasing contents with increasing N rate but increases were only 
significant for the first increment of N applied to PhotoS-S. Among hybrid/lines, PhotoS-
S produced the greatest amount of hemicellulose (8067 kg ha-1 averaged over N rates) 
followed by Sweet-S, which had hemicellulose yields that were about half that of the 
PhotoS-S. The PhotoS-S produced approximately 2.5-3-fold higher hemicellulose content 
than the remaining sorghum hybrid/lines and maize, which all had similar hemicellulose 
yields (2646 to 3239 kg ha-1). The PhotoS-S also produced the highest cellulose yields 
(10,030 kg ha-1; averaged over N rates) which was at least twice the cellulose yield of any 
other hybrid/lines. Sweet-S had the second highest cellulose yield after PhotoS-S, and 
produced almost 2000 kg ha-1 more cellulose than the commercial hybrids. The 
commercial hybrids, Grn-S and maize, had the lowest cellulose yields (3096 and 3241 kg 
ha-1, respectively), and the other two sorghum hybrids, BMR-S and DualP-S, were 
intermediate in cellulose yield. Total fiber yield per-hectare of PhotoS-S was two-fold 







across all N rates. Lowest TF yields were observed in Grn-S (5742 kg ha-1). Thus, 
PhotoS-S had the highest TF content (14,555 and 18,579 kg ha-1 with 0 and 67 kg N ha-1, 
respectively). 
2.4.4.1 Lignin  
Contrary to TFs, lignin concentrations in stover increased with N fertilization and 
these increases were significant for maize, PhotoS-S and when averaged over all 
hybrid/lines (Table 2-5). Nitrogen increased lignin concentrations by 34 and 56% in 
maize and PhotoS-S, respectively; averaged across all hybrid/lines, N increased lignin 
concentration by 20%. As expected, lignin concentrations were lowest in BMR-S (32 g 
kg-1; N rate mean) followed by Sweet-S (39 g kg-1). Mean lignin concentrations were 47 
g kg-1 for maize, Grn-S and DualP-S, but only maize lignin concentration was identified 
as statistically lower than the 52 g kg-1 in PhotoS-S. Total lignin content also increased 
with N from 494 to 813 kg ha-1 as N increased from 0 N to 202 kg ha-1 (averaged over 
hybrid/lines) (Table 2-6). At 363 kg ha-1, the BMR-S had the numerically lowest total 
lignin yield, which was statistically similar to lignin yields in maize and Grn-S (436 and 
422 kg ha-1, respectively). Although Sweet-S had relatively low lignin concentrations 
(Table 2-5), it produced lignin yields over twice those of BMR-S, reflecting its high dry 
matter yield. The PhotoS-S had more than 4-fold and 3-fold higher lignin contents when 
compared to BMR-S and the commercial hybrids, respectively. 
2.4.4.2 Combined Stover Composition Relationships 
Among all hybrid/line, N rate and site-year observations, regression analysis 







(R2 = 0.77, P<0.01; Figure 2-3A). For every 100 g kg-1 increase in TNC concentration, 
TF decreased by approximately 77 g kg-1. However, when stover TF content was 
regressed on TNC content, a weaker but positive relationship was observed (R2 =0.37, 
P<0.01; Figure 2-4B).  The data array for regression of TF content on TNC content were 
bounded by Sweet-S and PhotoS-S exhibiting the lowest and highest TF to TNC ratios, 
respectively.  
The stover components that are considered readily convertible to ethanol via 
cellulosic biochemical conversion processes consist of both the TNC and TF pools. The 
combination of the stover components that are not readily convertible via biochemical 
processes (lignin), or that are not accounted for in our analyses (other extractives) were 
identified as the ‘non-convertible extractives’ and compared among hybrids/lines (Figure 
2-4). There was a strong positive relationship between readily convertible carbohydrates 
produced and the total additional or non-convertible materials produced (R2=0.78, 
P<0.01). The mass of non-convertible content ranged from approximately 2,700 kg ha-1 
to almost 8,500 kg ha-1 in maize and PhotoS-S, respectively (Figure 2-5). The Grn-S had 
a significantly higher concentration of non-convertible materials (~315 g kg-1 dry. wt.), 
while the Sweet-S had a significantly lower concentration (~266 g kg-1 dry. wt.) when 
compared to all other sorghum hybrids/lines (284-309 ± 5 g kg-1 dry. wt.). 
2.4.5 Plant Density Variability 
Finally, it should be noted that plant populations were highly variable among site-
years and sorghum hybrid/lines, and population may have interacted with plant size and 
influenced results (Appendix A). Averaged across all hybrids/lines including maize, the 







had a significantly lower population density than for ACRE site-years (Table 2-1). 
Among all sorghums except PhotoS-S, stand densities varied significantly (P<0.001) 
(PhotoS-S did not have per-plot stand counts two of the three site-years). Three of the 
sorghum hybrids/lines reported the lowest plant density at PPAC 2008. The DualP-S had 
a particularly low plant population at PPAC 2008 (37,600 plants ha -1), which was just 
under 50,000 to just over 100,000 plants ha-1 less than the density of the other sorghum 
hybrids/lines at this site (PPAC 2008) and just about 36,000 plants ha -1 less than maize at 
this site (Appendix A). When averaged across all site-years, the stand density for 
DualP-S (82,500 plants ha-1) was significantly lower than all other sorghum cultivars 
(~142,000-194,000 plants ha-1) and statistically similar to maize (~76,000). The 
differences in plant population across the site-years resulted in high variation in per-plant 
weight especially for DualP-S (Figure 2-5). The DualP-S was the only sorghum 
hybrid/line that had a higher mean per-plant weight than maize and weighed significantly 
more per-plant than all other sorghum cultivars (Figure 2-5). A preliminary comparison 
reveals that per-plant biomass for DualP-S was inversely proportional to population. 
2.5 Discussion 
Maize grain yields were generally in keeping with county records (USDA-NASS, 
2015) indicating this experimental control served as a reasonable benchmark for the 
productivity potential of the environment and against which to compare sorghum 
hybrid/lines not common to the region. In 2008, maize yields with 135 kg N ha -1 (Figure 
2-1) exceeded county averages by 15 and 41% for ACRE and PPAC, respectively. In 
contrast, ACRE 2010 maize grain yields were markedly lower than the county average of 







This likely reflects the highly localized effect of excessive rainfall within a month of 
planting and within weeks of the UAN application. The June 2010 rainfall at ACRE 
totaled 205 mm (Indiana State Climate Office, 2014), and although environmental N 
losses were not measured at this study, the lack of a yield plateau in the ACRE 2010 
maize grain response curve  suggests yields were N-limited (Figure 2-1). The ACRE 
2010 maize grain yields were also similar to those obtained in an adjacent but unrelated 
experiment where maize grown in rotation with soybean yielded 8670 kg ha -1 (Chapter 
4). Although sorghum grain has been mostly produced in the Southern High Plains and 
the commercial hybrid used in the experiment is adapted for that region, the Grn-S had 
grain yields across all N rates that were up to two-fold the national grain sorghum 
average in 2008 and 2010 (~3500 and ~3800 kg ha-1, respectively; USDA-NASS, 2015).  
Likewise, other gross morphological and tissue composition attributes were as 
anticipated in the hybrids/lines used for this experiment. The stover of maize and 
sorghum produced yields as expected (Dweikat et al., 2012; Propheter et al., 2010; 
Tamang et al., 2011), with harvest indices of approximately 50% for the Grn-S and maize 
at the higher N rates at both sites in 2008. Among hybrids/lines, stover differed in 
concentrations and total contents of structural (TF + Lignin) and non-structural 
carbohydrates (TNC) as well as non-convertible extractives (Table 2-2 to 2-6). The TNC 
concentrations in the Sweet-S line in this study were similar to TNC values reported 
previously (Murray et al., 2008b; Shoemaker et al., 2010). Additionally, the TNC 
concentrations were significantly higher in the Sweet-S than in the forage hybrids/lines 
(Table 2-3), also as shown in earlier reports (Tamang et al., 2011; Zhao et al., 2009). In 







had significantly lower lignin concentrations (Table 2-5) when compared to all other 
hybrid/lines (Campbell and Sederoff, 1996; Dien et al., 2009; Lorenz et al., 2009). The 
PhotoS-S did not produce grain, but had yields of total aboveground biomass greater than 
those of all other hybrids/lines, which were grain producing.  Also as reported previously 
(Dahlberg et al., 2011; Turhollow et al., 2010), biomass yields for the PhotoS-S were 
approximately 10 Mg ha-1 more than for forage hybrids/lines.  
Sorghum hybrids/lines maximized yields at significantly lower N rates when 
compared to maize. Not only were total aboveground yields consistently higher with 0 kg 
N ha-1 in all sorghums when compared to maize, the first increment of N  (67 kg N ha-1)  
optimized sorghum stover and grain yields whereas maize was more responsive to 
continued N supply (Figures 1 and 2). Further, this effect was evident in the low-yielding 
site-year with excessive June rainfall. Many previous reports  have documented a similar 
high N use efficiency (NUE) for sorghum, particularly in other generally low rainfall 
environments (Almodares et al., 2009; Muchow and Davis, 1988; Tamang et al., 2011; 
Wortmann and Regassa, 2011). A more detailed discussion of NUE of sorghum 
hybrids/lines and maize yields is found in a companion study by (Rivera-Burgos (2015). 
The response of sorghum hybrids/lines to N is particularly noteworthy when the targeted 
use is as a bioenergy feedstock. A decrease in the amount of N fertilization applied will 
increase the net energy balance of the crop for bioenergy production (Cai et al., 2013; 
Persson et al., 2009). This low N requirement implies that sorghums may be a high net-
energy value crop, which corroborates a growing body of evidence that sorghum is well-








Moreover, the TNC concentration in the stover of each of the hybrids/lines was 
unaffected by N, suggesting that the hybrids/lines may not require high levels of N to 
produce a greater concentration of fermentable sugars. Although N fertilizer significantly 
impacted the per-hectare TNC content across all hybrids/lines, there was no significant 
difference in the TNC content at any of the three N fertilizer rates that were applied 
(Table 2-4).  Our results corroborates earlier reports that show that sweet sorghum 
requires less N than maize for sugar yield optimization, especially when the economic 
yield is stem sugars for EtOH production (Geng et al., 1989; Smith and Buxton, 1993; 
Zegada-Lizarazu and Monti, 2012). Our results also agree with findings for other grass 
species, specifically switchgrass tall fescue and reed canary grass, that did not show any 
changes in TNC with N fertilizer  (Cherney et al., 1988). Also, in that report Cherney et 
al. (1988) revealed no significant difference in  glucose concentration with N rate in 
sweet sorghum and sorghum sudangrass. However, they did report a significant increase 
in TNC concentration with 150 kg N ha-1 compared to when no fertilizer was applied, but 
they had no other fertilizer rates to compare TNC concentration changes to. Nevertheless, 
the TNC concentration in both sorghum cultivars in their study were at least two-fold 
higher than the 6 other species in their study (Cherney et al., 1988). These reports, 
coupled with the results presented from our study, suggests that sorghum hybrids/lines 
could take advantage of lands with no fertilizer N added, which could lead to sorghum 
being considered for production low fertility lands (especially those marginal to maize) as 
proposed in previous studies (Gelfand et al., 2013). In low N conditions, sorghum 
hybrids/lines prove to have an added benefit of producing free sugars (TNCs), readily 







For both carbohydrate pools, TNC and TF, the concentrations and contents were 
significantly different among hybrids/lines. Nevertheless, across all hybrid/lines and N 
rates, the TNC and TF concentrations were found to be interlinked and generally 
mutually exclusive. This means than an increase in TNC concentration in the stover will 
decrease TF concentration and vice-versa (Figure 2-3a). Yet, it is possible to maintain a 
high per-hectare content of both TNC and TF, as is exhibited by the PhotoS-S line 
(Figure 2-4b) and Sweet-S line. This agrees with previous findings by Tew et al. (2008) 
that compared STEY from fibers and STEY from TNC for their sweet sorghum cultivars. 
Although differences in concentrations will influence the amount of carbohydrates 
produced (Almodares et al., 2009), the different relationships between TNC and TF 
concentrations and TNC and TF content in this study suggests that biomass yield plays a 
major role in determining the total  per-hectare carbohydrate content  Therefore, as 
concluded previously by Saballos (2008) and Makanda et al. (2011),  breeding programs 
may need to prioritize the increase in biomass potential in each hybrid/line over attaining 
specific stover compositions. On the other hand, high TNC concentrations and contents 
might be advantageous in EtOH production from stover (Han et al., 2013; Lee et al., 
2007; Zhao et al., 2009). Indeed, breeding for specific plant tissue composition appears 
premature given the rapid evolution of technology for conversion. Therefore the direct 
cost and benefit for increasing TNC cannot yet be adequately evaluated (Gnansounou et 
al., 2005). If and when the analysis of stover for TNC and TF concentrations are needed 
for EtOH production, our results may prove useful. Our regression results revealed that 







concentrations (Figure 2-4a). This is important to note as TF analysis is more expensive 
and time consuming than analyzing TNCs using wet lab procedures. 
Another consideration in breeding for bioconversion is the concentration and 
content of lignin. The BMR-S hybrid, bred for low lignin, indeed exhibited a relatively 
low lignin concentrations (32 g kg-1; Table 2-5) and content (363 kg ha-1; Table 2-6). 
Other hybrids/lines contained 20-60% higher lignin concentrations, and up to 4-fold the 
lignin content in the BMR-S hybrid, which follow the trends reported by Dien et al. 
(2009). Lignin provides structural strength to cell walls and also functions as a defense 
mechanism within the cell wall by providing resistance to degradation by microorganism 
(Campbell and Sederoff, 1996). Therefore crops with reduced lignin, such as those with 
the bmr trait, typically allow structural carbohydrates of the cell wall to be more 
accessible to breakdown by microorganisms (Byrt et al., 2011). It is therefore anticipated 
that crops with the bmr trait, will have an increased rate and extent of conversion of cell 
wall bound carbohydrates to EtOH (Campbell and Sederoff, 1996; Lorenz et al., 2009). 
Similar enhanced conversion efficiency has been reported for bmr sorghums used for 
forage (Oliver et al., 2005). However, more research is necessary to understand the 
implications of the tradeoffs of how the bmr trait will impact the ease of convertibility to 
EtOH in the commercial setting and any decrease in yield,  defense mechanisms, and 
structural strength (increased lodging) (Byrt et al., 2011; Dien et al., 2009). This is further 
discussed in Chapter 3.  
It should be noted that, although the bmr hybrid contained less lignin, there was 
no increase in the content of potentially convertible carbohydrate pools (TNC and TF). 







non-convertible extractives than other hybrids/lines, suggesting that the compensation for 
low-lignin lies within the non-convertible extractives. The non-convertible extractives are 
composed of compounds that are not vital to the ethanol production, and may include 
waxes, oils, resins and fatty acids (Cherney et al., 1991; Ladisch and Svarczkopf, 1991). 
The concentration of the non-convertible extractives  in this study were relatively 
comparable to those found in switchgrass, alfalfa, and reed canary grass (23 – 46% dry 
wt.) as reported by (Cherney et al., 1991).  
 Across all hybrids/lines the results show a significant increase in lignin 
concentration (Table 2-5) and content (Table 2-6) from the lowest to the highest N rate. 
However, these differences in lignin concentration at greater N rates were only found in 
PhotoS-S and maize,  which is similar to other findings (Propheter et al., 2010). The 
interaction effect exhibited across all hybrids/lines seemed to be highly influenced by 
PhotoS-S due to the high biomass produced by that line. This is evidenced by the 
relatively high lignin concentration in PhotoS-S, which differed in concentration across 
the N rates by >20 g lignin kg-1 dry wt., while all other sorghum hybrids /lines differed by 
no more than 5 g lignin kg-1 dry wt., with N rate. This includes Sweet-S, which exhibited 
no difference in lignin concentration with N rates (32 g lignin kg-1). In previous studies 
the Sweet-S line only differed by 1 g lignin kg-1 between 0 and 200 kg N ha-1 according 
to (Cherney et al., 1988). For lignin mass per-hectare content, all hybrids also had 
relatively low variation across N rates (<250 kg lignin ha-1) compared to PhotoS-S 
(>1,000 kg lignin ha-1). One possible reason for the high lignin concentration and content, 
and thus high variation in PhotoS-S is that it accumulates lignin to prevent lodging as it 







al., 2010). McCollum III et al. (2005) concluded that the photoperiod sensitive cultivars 
in their study were more fibrous than were forage sorghums used in their study.  
One limitation of this study was the differences in plant density among the site-
years (Appendix A). While we presume that high variability and low stand counts most 
likely reflect inconsistent planting and/or thinning, we did not directly assess germination 
and tillering rates, especially considering that some of the hybrids/lines in this study were 
not bred to be adapted in this region. Some of the results reported here, especially for 
DualP-S, should be interpreted with this caveat in mind. Maize populations were 
consistent across site-years. Regardless of plant density, the sorghum hybrids/ lines 
produced yields that were comparable with the second generation perennials that are 
being advocated for use as bioethanol feedstocks. Stover of the sorghum hybrid/lines in 
this study (except Grn-S) had yields of 11-30 Mg ha-1. A study in an adjacent field 
reported switchgrass yields of 9.6 – 11 Mg ha-1 and Miscanthus yields of 20.3 – 22.4 Mg 
ha-1 (Burks, 2013). In Burks (2013), both grasses were fertilized at a rate of 50-57 kg N 
ha-1 annually after establishment, comparable to reported rates (49 – 112 kg ha-1)  for 
optimized switchgrass and Miscanthus yields (Maughan, 2011) and the optimized rates 
(67 kg ha-1) for sorghum yields reported here.  Additionally, sorghum feedstock does not 
require the 1 – 3 year establishment period with low yields that can occur with 
switchgrass and Miscanthus (Propheter et al., 2010). Outside of a few pragmatic logistics, 
including plant height and stalk density and the moisture concentration at the time of 
harvest (Dweikat et al., 2012; Saballos, 2008),  the transition from maize to sorghum as a 
biomass feedstock should be quicker and easier with lower near-term costs than the 







hybrids/lines in this study (except PhotoS-S and Sweet-S) yielded sufficient grain to be a 
productive grain crop with end uses in food, feed and/or EtOH, while simultaneously 
producing a non-grain biomass feedstock.  
 
2.6 Conclusion 
Five sorghum hybrids/lines with distinct composition differences were evaluated 
for their potential as lignocellulosic bioethanol feedstock and compared to a maize 
hybrid. The results revealed that:  
i.  The highest biomass yields were obtained by the photoperiod sensitive 
line (PhotoS-S) followed by the sweet sorghum line (Sweet-S), while the 
lowest aboveground biomass and stover yields were produced by the 
commercial grain maize and sorghum hybrids. 
ii.  The N fertilizer rate of 67 kg N ha-1 was most efficient at producing stover 
biomass yield as well as TNC and TF content. 
iii.  The yield of the TFs and TNCs in stover were mainly impacted by 
biomass yield and not concentration. 
iv. Differences in total non-structural carbohydrates (TNC) total fibers (TF) 
and lignin concentration and content were observed among hybrids/lines. 
The Sweet-S had the highest concentration and content of TNC, the BMR-
S had the lowest concentration and content of lignin and all sorghum 
hybrids/lines had lower TF concentrations than maize. 
  Overall, sorghum cultivars in this study exhibited characteristics that prove that 







potentially without N fertilizer application.  Thus producing sorghum as a biomass 
feedstock could require low energy and cost inputs, beneficial for the sustainability of 
cellulosic and advanced renewable fuels. Moreover, the potential yield from each of these 
hybrids may be underestimated as they are not bred for this area. Therefore, in the future 
plant breeders should aim for better adaption of these hybrids/lines for the US Midwest. 
Nevertheless, the conversion efficiency from feedstock to ethanol will also need to be 
analyzed from a physiological and economic perspective in order to obtain a better 
understanding of the feasibility of producing sorghum with particular tissue attributes as a 
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Hybrid/line (Abbrev.) Characteristics and Description 
Populations Harvest Dates 
ACRE08 PPAC08 ACRE10 ACRE08 PPAC08 ACRE10 
  -------1000 Plant ha
-1
------- -----------m-day----------- 
AgriGold A6585RR (Maize) Commercial Grain Maize Hybrid 73.5 74.3 80.2 9-17 9-22 10-19 
Crosbyton A747 x  R50 (Grn-S) Commercial Grain Sorghum Hybrid 171.5 186.1 225.0 9-30 9-22 10-19 
PR915A x BMR27 (BMR-S) Forage Sorghum Hybrid w/ the bmr trait  139.7 86.6 200.1 10-16 10-14 10-19 
PU216A x P90344 (DualP-S) 
Novel, Dual-Purpose (grain and forage) 
Sorghum Hybrid 
73.6 37.6 135.6 10-21 10-23 10-27 
Sugar Drip (Sweet-S) Commercial Sweet Sorghum Line 190.1 135.5 215.7 10-17 10-14 10-19 
Is7777 (PhotoS-S) Exotic Photoperiod-Sensitive Sorghum Line 172.2 178.7 163.6 10-21 10-23 10-27 
 † Site-years were Agronomy Center for Research and Education in 2008 and 2010 (ACRE08 and ACRE10, respectively) and Pinney Purdue Agricultural Center 











Table 2-2. ANOVA results showing effects of N fertilizer rate, site-year (S-Yr), and hybrid/line (H/L) on grain, stover, total aboveground dry matter 
and harvest index (HI) and on the concentration and total content of sugar, starch, total nonstructural carbohydrates (TNC, sum of sugar and starch), 






Dry Matter Composition 
Sugar Starch TNC Hemicell. Cellulose TF Lignin Other Extracts¥ 
Total Stover Grain Conc. Tot. Conc. Tot. Conc. Tot. Conc. Tot. Conc. Tot. Conc. Tot. Conc. Tot. Conc. Tot. 
df 212 212 176 176 212 212 212 212 212 212 210 210 211 211 211 210 211 212 212 212 
N *** *** *** *** NS ** NS *** NS *** ** *** NS *** * *** *** *** * *** 
S-Yr NS NS *** *** *** *** ** *** *** *** *** *** NS NS *** * *** NS ** ** 
N x S-Yr ** * ** NS NS NS NS ** NS NS NS * NS NS NS 0.09 * ** NS * 
H/L *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
N x H/L NS * *** * * *** *** *** *** *** NS NS * ** ** * *** NS NS NS 
S-Y x H/L *** *** *** *** *** *** *** *** *** *** NS *** *** *** *** *** 0.06 *** *** *** 
N x S-Yr x 
H/L 
NS NS NS NS 0.06 NS NS *** 0.08 NS NS NS NS NS NS NS NS NS NS NS 
*, **, *** indicate significance at P≤0.05, P≤0.01, and P≤0.001, respectively. NS indicates non-significant effects (P>0.1). For significance at 










Table 2-3. Concentrations of sugar, starch and total nonstructural carbohydrate (TNC) measured in stover. Data shown are 
















H / L 
Mean† 
 kg N ha-1 --------------------------------------------g kg
-1------------------------------------ 
Sugar  0 70CD 41D 92BC 128B 224A 94BC 108 
67 52C 43C 73C 128B 236A 110B 107 
135 42E 53DE 81BCD 113B 253A 104BC 108 
202 36C 41C 81B 96B 237A 108B 100 
N Mean‡  50D 44D 82C 116B 238A 104B  
         
Starch  0 6.6AB,ab 1.8C 4.2BC 4.4BC 9.3A,b 2.9C 4.8 
67 7.8B,a 1.9C 3.5C 3.7C 13.7A,a 2.3C 5.5 
135 4.6B,b 1.7B 4.4B 2.8B 14.0A,a 2.8B 5.1 
202 5.8B,ab 1.6C 3.7BC 3.3BC 14.1A,a 3.5BC 5.3 
N Mean 6.2B 1.7D 4.0C 3.5C 12.8A 2.9CD  
         
TNC  0 76CD 42D 97BC 133B 234A 97BC 113 
67 60D 45D 76CD 132B 249A 113BC 112 
135 47E 54DE 85CD 116B 267A 107BC 113 
202 42C 42C 85B 99B 251A 111B 104 
N Mean 56D 46D 86C 120B 250A 107B  
† Within columns and carbohydrate pools, means accompanied by different lowercase letters are significantly different 
(P≤0.05).  
‡ Within rows, means followed by different uppercase letters are significantly different (P≤0.05). Boldface letters compare 









Table 2-4. Total stover content of sugar, starch and total nonstructural carbohydrate (TNC). Data shown are for hybrid/line 
















H / L 
Mean† 
 kg N ha
-1 --------------------------------------------kg ha-1------------------------------------ 
Sugar  0 485C† 323C 866C 1428BC 3305A,c 2499AB,b 1484b 
67 519CD 382D 744CD 1560C 4931A,b 3427B,a 1927a 
135 414C 481C 902C 1182C 5214A,a 3242B,ab 1906a 
202 364B 405B 858B 1188B 4421A,abc 3826A,a 1844a 
N Mean‡  445DE 398E 843D 1339C 4468A 3248B  
         
Starch  0 46B 14B 41B 48B 134A,b 71B 59b 
67 80B 17C 41BC 47BC 295A,a 67BC 91a 
135 46BC 16C 60BC 32BC 286A,a 88B 88a 
202 57BC 16C 45C 42C 272A,a 116B 92a 
N Mean 58C 16D 47C 42C 247A 86B  
         
TNC 0 532C 337C 907C 1476BC 3439A,b 2570AB,b 1543b 
67 599CD 399D 785CD 1607C 5226A,a 3494B,ab 2018a 
135 460C 497C 962C 1214C 5500A,a 3330B,ab 1994a 
202 422B 421B 903B 1231B 4694A,a 3942A,a 1935a 
N Mean 503DE 414E 889D 1382C 4714A 3334B  
† Within columns and carbohydrate pools, means accompanied by different lowercase letters are significantly different 
(P≤0.05). Boldface letters compare N-rate grand means averaged over H / L. 
‡ Within rows, means followed by different uppercase letters are significantly different (P≤0.05). Boldface letters compare 













 Table 2-5.  Concentrations of hemicellulose (hemicell.), cellulose, total fiber (tot. fiber, sum of hemicellulose and cellulose) 
















H / L 
Mean† 
kg N ha-1 --------------------------------------------g kg-1------------------------------------ 
Hemicell. 0 314A† 307A 285AB 258BC 224C 280AB 278a 
67 321A 298AB 295AB 265B 225C 278B 280a 
135 317A 288AB 283AB 261B 217C 277B 274ab 
202 311A 283AB 273B 261B 215C 261B 267b 
N Mean‡  316A 294B 284BC 261D 220E 274CD  
         
Cellulose 0 344AB 362A 336AB 323B 286C,a 327AB 330 
67 346A 344A 335A 325A 262B,ab 337A 325 
135 352A 332A 334A 332A 250B,b 335A 323 
202 356A 342A 331A 343A 258B,ab 342A 329 
N Mean 349A 345AB 334BC 331C 264D 335BC  
         
Tot. Fiber  0 658A 668A,a 622AB 581B 510C 607B 608 
67 667A 642AB,ab 630ABC 590C 487D 614BC 605 
135 671A 621B,b 618B 594B 468C 613B 597 
202 667A 625B,ab 604B 604B 472C 604B 598 
N Mean 666A 639B 618C 592D 484E 609CD  
         
Lignin 0 38AB,b 44A 29B 45A 39AB 41ABb 39c 
67 44AB,ab 48AB 34B 46AB 39B 51Ab 44b 
135 53A,a 48AB 32C 49AB 39BC 51Ab 45ab 
202 51B,a 48B 32C 49B 39BC 64Aa 47a 
N Mean 47B 47AB 32D 47AB 39C 52A  
† Within columns and fiber pools, means accompanied by different lowercase letters are significantly different (P≤0.05). 
Boldface letters compare N-rate grand means averaged over H / L. 
‡ Within rows, means followed by different uppercase letters are significantly different (P≤0.05). Boldface letters compare H 








Table 2-6 Total stover content of hemicellulose (hemicell), cellulose, total fiber (tot. fiber, sum of hemicellulose and 
















H / L 
Mean† 
 kg N ha
-1 --------------------------------------------kg ha-1------------------------------------ 
Hemicell. 0 2234B† 2477B 2714B 2843B 3342B 6754A,b 3394b 
67 3211BC 2575C 3373BC 3594BC 4761B 8347A,ab 4310a 
135 3069BC 2682C 3224BC 3138BC 4660B 8346A,ab 4186a 
202 3076B 2849B 3350B 3383B 4208B 8820A,a 4280a 
N Mean‡  2897C 2646C 3165C 3239C 4243B 8067A  
         
Cellulose  0 2461B 2910B 3163B 3601B 4273B 7800A,b 4035b 
67 3453C 2983C 3863BC 4493BC 5455B 10232A,a 5080a 
135 3529BC 3062C 3722BC 3988BC 5185B 10276A,a 4960a 
202 3519B 3429B 4067B 4572B 5030B 11813A,a 5405a 
N Mean 3241D 3096D 3704CD 4163C 4986B 10030A  




0 4695B 5387B 5877B 6444B 7615B 14555A,b 7429b 
67 6664C 5558C 7236BC 8087BC 10216B 18579A,a 9390a 
135 6594BC 5744C 6956BC 7126BC 9845B 18622A,a 9148a 
202 6595B 6278B 7417B 7965B 9238B 20633A,a 9687a 
N Mean 6137CD 5742D 6871CD 7405C 9228B 18097A  
         
Lignin  0 272B 354B 281B 503B 588B 967A,c 494c 
67 437C 410C 396C 655BC 818B 1508A,b 704b 
135 530BC 441C 361C 605B 832B 1551A,b 720ab 
202 504BC 482BC 416C 667BC 771B 2036A,a 813a 
N Mean 436D 422D 363D 608C 752B 1515A  
† Within columns and fiber pools, means accompanied by different lowercase letters are significantly different 
(P≤0.05). Boldface letters compare N-rate grand means averaged over H / L. 
‡ Within rows, means followed by different uppercase letters are significantly different (P≤0.05). Boldface letters 










Figure 2-1. Dry yield of grain for each hybrid/line (H/L) shown as a function of fertilizer N rate for the three 
experimental site-years (ACRE08, PPAC08 and ACRE10 shown in A, B, and C, respectively). Table insets 
present H/L and N rate main-effect means. Means within columns accompanied by the same letter are not 
significantly different (P>0.05). Photoperiod-sensitive sorghum is not included because it did not produce 
grain.Sorghum hybrids/lines (-S) in insets listed below maize from the top: grain, brown-mid rib (BMR), dual-











Figure 2-2. Stover dry matter (A) and total aboveground dry matter (B) for each hybrid/line (H/L) shown as a 
function of fertilizer N rate. Data are averaged over the three experimental site-years. Table insets present H/L 
and N rate main-effect means. Means within columns accompanied by the same letter are not significantly 
different (P>0.05) Sorghum hybrids/lines (-S) in insets listed below maize from the top: grain, brown-mid rib 












             
Figure 2-3. Mean total aboveground biomass for all hybrids/lines averaged over N rates and site-years. Within 
bars, shading shows contributions of stover, grain and cobs / panicles to total dry matter yield. The harvest 
index values (HI; ratio of grain yield to total aboveground yield) are presented within the grain portion of the 
stacked bars in each histogram. Statistical differences among H / L in HI are represented by lowercase letters. 
Sorghum hybrids/lines (-S) listed from left to right: grain, brown-mid rib (BMR), dual-purpose (DualP), sweet 















Figure 2-4. Concentration of total fibers (TFs), which is the sum of hemicellulose and cellulose in stover shown 
as a function of stover concentration of total non-structural carbohydrates (TNCs; (A), which is the sum of 
starch and sugars. The total content of TFs in stover shown as a function of the total stover content of TNCs is 
shown in B. Data points are for all hybrid/line, N rate and replicates. Sorghum hybrids/lines (-S)  as noted in 
legend, listed below maize from the top: grain, brown-mid rib (BMR), dual-purpose (DualP), sweet and 















Figure 2-5. Partitioning of stover into constituent pools and the unaccounted for soluble stover mass (other). 
Data are for hybrids/lines averaged over site-years and N rates. Bars on the positive side of the graph represent 
the cumulative content of C pools available for conversion to ethanol (convertible carbohydrates); bars on the 
negative end of the graph represent the sum of the lignin and other stover dry matter pools (non-convertible 
extractives). Statistical differences in aboveground biomass (P≤0.01) due to hybrid/line is represented by 
uppercase letters for convertible carbohydrates and lower case letters for non-convertible extractives. Sorghum 
hybrids/lines (-S) on y-axis, listed below maize from the top: grain, brown-mid rib (BMR), dual-purpose 
(DualP), sweet and photoperiod sensitive (PhotoS-S). 
 
























Figure 2-6 Boxplots of hybrid/line aboveground dry matter per-plant for all site-years and N rates show median 
values and the 25th and 75th percentile of the observations (internal line and upper and lower box edges, 
respectively). Whiskers represent the 10th and 90th percentile, and circles show the outliers. Statistical 
differences in aboveground biomass (P≤0.01) due to hybrid/line is represented by uppercase letters. Sorghum 
hybrids/lines (-S) listed from left to right: grain, brown-mid rib (BMR), dual-purpose (DualP), sweet and 













CHAPTER 3. LIGNOCELLULOSIC THEORETICAL ETHANOL PRODUCTION AND 
EFFICIENCY OF POTENTIAL BIOENERGY SORGHUM HYBRIDS AND LINES 
OF CONTRASTING COMPOSITIONS IN COMPARISON TO MAIZE HYBRID 
3.1 Abstract  
Knowledge on the ethanol (EtOH) production potential of non-maize lignocellulosic 
feedstock is currently incomplete. Nitrogen (N) plays a major role in agronomic and 
economic productivity of these potential feedstocks. The main objective of this study was to 
characterize stover EtOH production and economic potential as influenced by specific 
carbohydrate pools within the stover and by N rate. To calculate theoretical EtOH yields 
(TEY), this study used biomass and composition data from a previous experiment where five 
contrasting sorghum (Sorghum bicolor L.) hybrid/lines (grain, low-lignin, sweet, photoperiod 
sensitive, and dual-purpose: high grain-high stover) and maize (Zea mays L.) were grown at 
four N rates (0, 67, 135, and 202 kg/ha) across three-site years. The stover TEY (STEY) was 
derived stoichiometrically using conversion and efficiency factors for sugars proposed in the 
National Renewable Energy Lab (NREL)’s state of technology report. The EtOH conversion 
from carbohydrates in the stover (sugars, starches, hemicellulose, and cellulose) was 
determined post-harvest. Agronomic and physiological N use efficiency of STEY as well as 
marginal economic responses to incremental additions of N fertilizer were also calculated 
assuming national average prices for N fertilizer and EtOH. Moisture and N accumulation in 







 Photoperiod sensitive and sweet sorghum lines obtained STEYs (>8000 L ha -1) that 
were significantly higher than all other sorghum hybrids/lines and maize. These sorghum 
lines returned over two-fold the value of EtOH when N was added at the three N rates 
above 0 N kg ha-1 in comparison to the grain maize and sorghum hybrids. Generally, 
applying N fertilizer at a rate of 67 kg ha-1 yielded the highest incremental increase in 
EtOH yield. This N rate was the most efficient N rate for gross EtOH production and 
economic and energy output.  Also at 67 kg ha-1, all hybrids/lines experienced positive 
net economic gains from $20 up to $1700 when compared to plots receiving no N 
fertilizer. However, each incremental addition of N fertilizer beyond 67 kg N ha-1 
resulted in negative marginal economic returns.  Should commercial conversion 
processes achieve efficiencies proposed in the NREL’s technology report, tissue 
composition could be of little consequence and the primary driver of EtOH production 
will be biomass yields.  Regardless, sorghum hybrids/lines with varied composition all 
have the potential to produce high biomass in the US Midwest and thus, high EtOH 
yields.  
3.2 Introduction 
In order to maintain energy and food security, the US Congress mandates a cap of 
56.8 billion liters of domestic ethanol (EtOH) production from maize (Zea mays L.) grain 
(Bracmort et al., 2010; Schnepf and Yacobucci, 2013; U.S- DOE, 2011). With current 
maize production, this mandate is close to being reached, so focus has shifted to 
advanced (non-maize) and cellulosic (non-food) biofuels as the pathway to further 
increases in US bioenergy production (Dweikat et al., 2012). At present, knowledge 







incomplete for maize-dominated landscapes including the highly productive US Cornbelt. 
Key uncertainties include the net energy value of the alternative crop as a function of 
environment and management and the economic costs of production when compared 
maize (Cai et al., 2013). 
In recent years, interest in and advocacy for sorghum (Sorghum bicolor (L.)) as a 
low-risk, dedicated energy or multi-purpose crop has grown markedly (Dahlberg et al., 
2011; Stefaniak et al., 2012). Following US Environmental Protection Agency approval 
in late 2012 (US-EPA, 2012), sorghum grain has been used routinely in EtOH production 
with approximately 35% of domestic sorghum production going to EtOH in 2013 
(Kansas Grains, 2014; Stroade et al., 2013), which is up to 30% of all grain EtOH 
produced in the US (Stroade et al., 2013). Sorghum has significant potential to contribute 
to non-grain (‘cellulosic’) bioenergy. It is a productive, drought-tolerant crop (Gardner et 
al., 1994) widely considered to have greater nitrogen (N) use efficiency when compared 
to maize (Dweikat et al., 2012; Lemaire et al., 1996; Tamang et al., 2011). While 
primarily grown to produce grain in the US, sorghum fiber has been repurposed to 
produce energy through various forms including gasification (Lu et al., 2006), 
combustion (Helsel and Wedin, 1981) and caloric energy (methane) via cattle (Maxson et 
al., 1973). Thus, it follows that the cellulosic portion of sorghum may potentially be used 
to produce energy via cellulosic EtOH production (Amaducci et al., 2004). Further, 
sorghum is a phenotypically and morphologically diverse annual crop; forage, sweet, 
dual-purpose and high-biomass sorghums all have recognized potential as non-grain 
EtOH feedstock (Cai et al., 2013; Dweikat et al., 2012; Murray et al., 2008; Rooney et al., 







Grain conversion to EtOH is a highly advanced and commercialized process and a 
standardized conversion factor of 0.441 L EtOH per kg dry grain is widely accepted 
(Badger, 2002; Drapcho et al., 2008; Wu, 2008). In contrast, the logistics for biomass 
crops, such as the collection of the cellulosic material and the pathway for its conversion 
to EtOH, are less settled and the subject of intensive research. Dweikat et al. (2012) 
estimate EtOH yields from sweet and photoperiod-sensitive (primarily vegetative) 
sorghums could be five-fold more per hectare than that from maize stover and, thus, 
could exceed total (grain plus stover) EtOH yields from a maize crop. In general, 
however, EtOH yields of compositionally diverse plant tissues remain uncertain. 
Influential factors in biomass conversion include gross morphology, leaf-stem ratios 
(Murray et al., 2008; Saballos, 2008; Stefaniak et al., 2012) and the allocation of 
photosynthates to structural (cellulose and hemicellulose) and nonstructural (sugar and 
starch) carbohydrates (Ladisch and Svarczkopf, 1991). Furthermore, the quantity and 
chemical structure of lignin modifies the availability of structural carbohydrates (Allison 
et al., 2010). Because the science and practice of lignocellulosic bioenergy conversion is 
in its infancy, relatively little research has documented individual and synergistic effects 
of the aforementioned factors in biomass conversion on EtOH yields. Regardless, a 
wealth of research on forages and animal nutrition has informed the role that feedstock 
compositional profiles have on conversion to energy (e.g. Nelson et al.1994) and, in 
doing so, has highlighted the need for research in this area for cellulosic conversion to 
EtOH. For example, rate and extent of biological (rumen fluid) digestibility of structural 
carbohydrates were increased 30% and 7%, respectively, in low-lignin (bmr) mutants as 







will arise about the ease of breakdown and convertibility to ethanol for low-lignin 
mutants (Lorenz et al., 2009). 
Although genetically determined, the gross morphology and tissue carbon (C) 
composition attributes that are expected to drive the efficiency of conversion to EtOH can 
be modified by management and the environment. Dahlberg et al. (2011) notes that 
accurate compositional data for sorghum is needed to understand the theoretical EtOH 
yield and conversion efficiency of potential sorghum bioethanol feedstocks. In recent 
work that investigated compositional characteristics of divergent sorghums grown in the 
North American Cornbelt, differences in composition were associated with variation in 
genotype, environment and N management (Chapter 2). The concentration of structural 
carbohydrates varied significantly with differences in N rate. For instance, 200 kg N ha -1 
significantly decreased hemicellulose concentration, while lignin concentration 
continuously increased with increasing N rates (Chapter 2).  The per-hectare yield (kg ha-
1) of the structural and non-structural carbohydrates also differed with N rate because 
increased N enhanced biomass yield, the main driver for differences in per-hectare yield 
of carbohydrate pools. Finally, the study reported that concentration and content of all 
carbohydrates were significantly impacted by site-years although across all hybrids/lines 
dry matter yields were similar among by site-years, (Chapter 2).  
It is also essential to explore the other components within the stover that may vary 
with sorghum hybrid/line that could also play a role in the efficiency and optimization of 
bioconversion. These include biomass moisture concentration and abundance of non-
convertible extractives such as waxes, oils, gums, resins and minerals inclusive of 







Svarczkopf, 1991). High moisture may increase energy inputs for both transporting and / 
or drying biomass for storage (Cai et al., 2013; McKendry, 2002), while a high content of 
non-convertible extractives will impact the continued productivity, efficiency and 
lifespan of bioconversion equipment (Jenkins et al., 1998; Lee et al., 2007) 
Included in the non-convertible extractives found in the stove are oxides of 
minerals, such as N. High contents of these minerals in the stover, may negatively impact 
equipment in the various stages of the conversion process (Jenkins et al., 1998). The high 
biomass yield that is expected from sorghums may result in an increase in the amount of 
N fertilizer needed and taken up by the plants in order to obtain optimum yield (Murray 
et al., 2008). Nitrogen fertilizer is also anticipated to be critical to both the net energy 
output of the crop and farmer profitability. Manufacturing N fertilizer is energy intensive 
because large quantities of fuel is required (Worrell et al., 2000). The Haber-Bosch 
manufacturing process requires 32 MJ kg-1N manufactured (Erisman et al., 2008) 
equivalent to the energy content of 1.5 L EtOH (U.S- DOE, 2014). For maize, fertilizer-
related energy was the largest component (up to 60%) of the energy input for production, 
much of which was from  N fertilization (Rathke et al., 2007).  
Regarding the economic costs and gains, economic return is typically optimized 
when all energy and fertilizer inputs are minimized without substantive yield losses 
(Olson et al., 2013). In 2008-2011 there was an average of 11 Tg (million tonnes) of N 
applied to maize in the US per year, with N fertilizer prices ranging from $350-750 per 
ton during those years (USDA-ERS, 2013). Over a half of the costs from on-farm nutrient 
inputs is from N fertilizer in 2008-2011 (USDA-ERS, 2013). It is therefore essential to 







is added to improve yield. An understanding of cost inputs will inform the analysis of the 
energy efficiency of hybrid/lines that have specialized characteristics like sweet, dual-
purpose or multipurpose sorghum hybrids/lines. This may be done by evaluating the 
value of EtOH, the cost of N, and the potential EtOH yield from each hybrid/line 
(Turhollow et al., 2010).   
The objective of this study is to use recent research that derived theoretical EtOH 
yield from the structural and non-structural carbohydrates in order to do a comparative 
analysis of five diverse sorghum hybrids/lines and a maize hybrid.  
 Specific objectives were to: 
i. Compare the contribution of yield of non-structural and 
structural carbohydrates to total theoretical EtOH yield (TEY), with an 
emphasis on stover TEY (STEY) from a maize hybrid and sorghum 
hybrids/lines that vary in stover composition relevant to biofuel 
production; 
ii. Assess the impact that N has on the production of STEY of 
the maize and sorghum hybrid/lines, and  
iii.  Determine the economic returns of the STEY from each of 
the hybrids/lines with incremental increases of N fertilizer application. 
3.3 Materials and Methods 
3.3.1 Site Description 
This study was conducted across three site-years. In 2008 and 2010, the research was 







(ACRE) located in West Lafayette, IN (4029’41.67”N; 8659’26.46”W). In 2008, there 
was an additional site at Pinney Purdue Agriculture Center (PPAC), Wanatah, IN 
(4126’39.81”N; 8655’43.98”W). The soils at ACRE consist of Drummer silty clay 
loam (fine-silty, mixed, superactive, mesic Typic Endoaquolls) and Raub silt loam (fine-
silty, mixed, superactive, mesic Aquic Argiudolls). The soils for the PPAC site were a 
Tracy sandy loam (coarse-loamy, mixed, active, mesic Ultic Hapludalfs) and Bourbon 
sandy loam (coarse-loamy, mixed, active, mesic Aquultic Hapludalfs) (USDA, 2014).  
Rainfall totals for the growing season (May - October) for ACRE and PPAC in 2008, and 
ACRE in 2010 were 586.5 mm, 742.4mm and 629.9 mm, respectively. Monthly mean 
temperatures (average monthly minimum and maximum) for the growing season for each 
year were 18.3⁰C (3.3-28.5 ⁰C) for ACRE 2008, 17.2⁰C (2.9-28.8⁰C) for PPAC 2008 and 
20.1⁰C (3.0-30.6⁰C) for ACRE 2010 (Indiana State Climate Office, 2014).  
3.3.2 Experimental Design and Crop Management 
All site-years of this experiment were planted following the soybean (Glycine max L.) 
crop in a maize-soybean rotation that used management practices common to commercial 
agriculture in the US Midwest. Planting, harvesting and management protocols were 
similar for all site-years. Experiments were arranged in a randomized complete split-plot 
block design with four replicates (blocks) and two treatment factor levels. The main plot 
factor was N fertilizer rate with crop hybrid or line assigned to subplots within the main 
plot. The N rates were 0, 67, 135, and 202 kg N ha-1. A commercial maize hybrid and 
five sorghum hybrids/lines were randomly assigned to subplots within the N rate main 
plots; thus, each site-year had 96 treatment plots (4 reps*4 N Rates*6 hybrids/lines). 







planted the last week of May, and N was applied approximately 2-wk post-planting as 
28% urea-ammonium nitrate (UAN).   
3.3.3 Plant Material 
Divergent profiles with respect to source of carbohydrate for EtOH production were 
primary criteria in the selection of sorghums hybrids or lines for this experiment (Table 
3-1). The hybrids were a commercial grain sorghum (Grn-S; primary EtOH source: 
starch), a low-lignin forage sorghum with the brown mid-rib (bmr) trait (BMR-S; 
hemicellulose and cellulose), and a dual-purpose sorghum with high grain and stover 
yields (DualP-S; hemicellulose, cellulose and starch). The latter two hybrids were 
developed in the Purdue University sorghum breeding program. The sweet sorghum line 
is commercially available for sugar production (Sweet-S; soluble sugars, hemicellulose 
and cellulose). In extreme latitudes (> 30o N or S), the photoperiod-sensitive line remains 
vegetative throughout the growing season (PhotoS-S; hemicellulose and cellulose). Each 
plot had four 6.1 m rows with an inter-row spacing of 76 cm. The outside two rows of 
each plot were buffer rows.  The sorghums were seeded at a 5-cm depth with 2.5 g seed/ 
6 m row and thinned 3 weeks post-planting to approximately 6 plants/ 30 cm. Although 
sorghum seed was pretreated with fungicide (Captan at 0.1%) to ensure emergence, a 
standardized seeding rate was necessary as the germination rates for the sorghum lines 
were unknown. Maize was planted at 40 seeds/ 6 m row and also thinned at 3 weeks to 
achieve populations typical of commercial production (75,000 plants ha -1).  
Total aboveground biomass was sampled 45 days after flowering (50% of 
plants/panicles at half-bloom) for all hybrids/lines except Is7777 (non-flowering; PhotoS-







site-year. Harvest dates ranged between Sept.17th to Oct. 21st at ACRE 2008; Sept. 22nd 
and Oct 23 at PPAC 2008; and Oct 19th and Oct 27th at ACRE 2010 (Table 3-1).  The 
harvest area was the innermost 4.7 m2 of each subplot (inner 3 m of the two inner plot 
rows).  All plants/stalks within the harvest area were counted and 10 plants/stalks were 
hand-cut at the soil surface (5 plants/row); all remaining ears/panicles were then collected 
from the harvest area. At both 2008 site-years, populations for PhotoS-S were estimated 
in only one replicate of each subplot (1 plot at each N rate) and the counts at each 
location were averaged; PhotoS-S plants were estimated at 172,223 plants ha-1 at ACRE 
2008, and 178,681 plants ha-1 at PPAC 2008.  
Harvested plants/stalks were immediately partitioned into ears/panicle and stover, and 
stover fresh weight was recorded. The stover was processed through a mechanical forage 
chopper, a subsample of chopped stover was collected and its fresh weight recorded. 
Stover subsamples were then oven dried at 60°C to constant weight and dry weights were 
recorded. Husks from the ears of the 10-plant sample from maize subplots were removed, 
dried separately and integrated with the maize stover biomass samples. All panicles/ears 
were oven dried for 3-4 days to achieve moisture contents suitable for storage and were 
hung on racks in cloth bags and air dried for 3-4 months until threshing. Sorghum 
panicles were threshed using a low-profile plot thresher (LPR Thresher, Almaco, Iowa), 
and maize ears were threshed using a hand sheller (McCormick Deering, International 
Harvester, Illinois). Threshed grain was oven-dried at 60oC to constant weight and dry 
weights were recorded. Dried grain and stover was ground to pass a 1-mm screen and 
stored in 24 oz. Whirl-pak™ bags.  Maize cobs were weighed and values were included 







and lemma) of sorghum were discarded and not included in total head weight 
calculations. All grain and biomass values are reported at 0% moisture content.  
3.3.4 Laboratory Analyses 
Dried stover and grain samples were analyzed for total N and C concentrations 
simultaneously using a flash combustion elemental analyzer (Flash EA 1112 Series, 
Thermo Fisher Scientific, The Netherlands). Mono- and disaccharides were extracted 
from 500 mg (+50 mg) of dried stover tissue. Sugar and starch concentrations were 
determined via anthrone and Trinder reagents respectively, as described by in Chapter 2. 
The percentages of neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid 
detergent lignin (ADL) were analyzed via the ANKOM 2000TM protocol. Subsequently, 
hemicellulose (NDF-ADF), cellulose (ADF-ADL), and lignin (ADL) were determined 
using these values. Further details of these analyses and the calculations used to estimate 
carbohydrate pool yields can be found in Chapter 2.  
3.3.5 Calculations and Statistical Analysis 
3.3.5.1 Theoretical Ethanol Yield 
Total theoretical EtOH yield (TTEY, L ha-1) was calculated as the sum of the EtOH 
yields from grain (GTEY) and stover (STEY). Estimates of GTEY and STEY  were 
calculated using  grain and stover carbohydrate yields  from the previous chapter 
(Chapter 2), and  conversion and recovery factors and efficiencies from the process 
design and economics report from the National Renewable Energy Laboratory (NREL) 
(Humbird et al., 2011). Biomass yields and the carbohydrate composition are reported in 







grain (2.96 gal EtOH per bushel of maize grain at 15.5% moisture (Drapcho et al., 2008; 
Wu, 2008; Wu et al., 2007)) was used for both maize and sorghum gain. Stover EtOH 
yield from a given carbohydrate pool “Z” (STEYZ) was  calculated using reported 
conversion factors from Humbird et al. (2011) and by the following equation: 
STEYZ (L ha-1) = [PoolZ x (CFGl-Xy x CEGl-Xy) x (CFSt-Ce-He x RECe-He)] ÷ EtOHDens.   
                  (eqn. 3.1) 
where  
 PoolZ was the aboveground yield (kg ha-1) of sugar, starch, cellulose or 
hemicellulose;  
 CFGl-Xy was the conversion factor for the conversion of each gram of glucose and 
xylose to each gram of EtOH via fermentation, which was assumed to be identical 
for both sugars (0.51 g EtOH g-1 glucose or xylose);  
 CEGl-Xy was the conversion efficiency of the fermentation process for glucose and 
xylose to EtOH (95% and 79%, respectively).  
 CFSt-Ce-He was the conversion factor for hydrolysis of the anhydroglucose in starch 
and cellulose to free glucose and the anhydroxylose in hemicellulose to free xylose, 
assumed to be 1.11  and 1.136 g g-1, respectively  
 RECe-He was the recovery efficiency of glucose from cellulose (90%) and xylose 
from hemicellulose (85.3%) during the hydrolysis of these cell wall polymers to 
their corresponding simple sugars.  
 EtOHDens.was the density of EtOH (0.789 kg L-1) at 20⁰C 
Thus, TTEY was the sum of GTEY and STEY where STEY was the sum of the 
following: 
o STEYSu = (Sugar (𝑘𝑔 ℎ𝑎−1) × (0.51 × 0.95)) ÷ 0.789                           (eqn. 3.2) 
o STEYSt = (Starch (𝑘𝑔 ℎ𝑎−1) × (0.51 × 0.95) × (1.11)) ÷ 0.789                         (eqn. 3.3) 
o STEYC  = (Cellulose (𝑘𝑔 ℎ𝑎−1) × (0.51 ×  0.95) × (1.11 × 0.9)) ÷ 0.789                          (eqn. 3.4) 







3.3.6 Nitrogen Use Efficiency 
Agronomic nitrogen use efficiency (ANUE) and the physiological nitrogen use 
efficiency (PNUE) for the production of EtOH from stover (L ha -1 / kg N applied) was 
calculated following Dobermann (2007).  Note, here we focus on ANUE and PNUE of 
the TTEY and STEY as there are many reports in literature on agronomic and 
physiological efficiencies for grain (e.g. Muchow and Davis, 1988; van Oosterom et al., 
2010) but few if any for these efficiencies for stover yields and yield components.  For 
fertilizer N treatments greater than the control (0 N rate), ANUE was estimated as the 
increase in STEY per rate of N applied (L EtOH kg-1 fertilizer N applied):  
  ANUESTEY =  
(STEY  at fertilized rate)−(STEY at 0 N rate) 
N applied
           (eqn. 3.6) 
Likewise, the PNUE was estimated as the increase in STEY and TTEY per unit 
increase in the N content of the stover and aboveground biomass when compared to the 
control (0 N rate; L EtOH kg-1 fertilizer N taken up by the crop): 
PNUESTEY = 
(STEY  at fertilized rate)−(STEY at 0 N rate)  
(N in aboveground biomass  at fertilized rate)−(N in aboveground biomass at 0) 𝑘𝑔 ℎ𝑎−1
   (eqn. 3.7) 
3.3.7 Statistical Analysis 
Statistical analyses, including analysis of variance (ANOVA) and Tukey-Kramer 
paired testing, were used to determine the main and interaction effects. The primary 
parameters that were assessed in the ANOVA were the interaction effects of the 
hybrids/lines and the N application rate. Analysis of Variance (ANOVA) was conducted 
using SAS PROC MIXED (SAS, 2004) with a Tukey-Kramer post-hoc analysis and 
grouping performed using SAS PD MIX800 (Saxton, 1998). The main factors were N 







were random factors and N rate and hybrid/line were fixed factors. The model utilized 
F-tests for linear function evaluation (Mead et al., 2002). Regressions and correlations 
were analyzed using SAS PROC REG and PROC CORR (SAS, 2004). Stover EtOH 
yield was regressed against grain, lignin, moisture, and N concentration and content 
(mass/ha). The STEY from each stover component was also correlated against each of 
the stover components as well as lignin and moisture across all hybrids/lines and for 
each individual hybrid/line. Comparisons of slopes and intercept for EtOH yield and N 
regressions for each system was conducted by calling the parallel and same intercept 
functions within the SAS PROC REG, and post-hoc pair-wise comparisons of slopes 
and intercepts among hybrids/lines were also statically compared (Snedecor and 
Cochran, 1973) 
3.3.8 Economic Returns to Hybrid/Line and Nitrogen Fertilization 
Simple marginal accounting was conducted to determine the economic response to 
incremental addition of N. The average prices of N and EtOH were calculated over the 
January, 2011 to April, 2014 period. These values were obtained from the monthly 
values provided by the United States Department of Agriculture Agricultural Marketing 
Service-Market News (AMS). Across these years, the mean prices and standard 
deviation derived from the AMS for urea were $370.30 ±30.92 ton-1 ($408.19 ±34.08 
tonne-1) of 28% UAN, which was converted to an average of $0.41 urea kg -1 and was 
calculated to be $1.46 kg N ha-1. For EtOH produced from biofuel feedstock, the price 
was $2.37±0.26 gal-1 EtOH which was converted to an average of $0.62 EtOH L-1. 
These prices from 2011-2014 were comparable both to renewable EtOH production 







studies (Linton et al., 2011) with EtOH prices of $0.52 EtOH L-1 and to Tamang et al. 
(2011) where EtOH prices were increments between $0.25 to $1.00 L-1 and the N prices 
ranged from $0.70 to $1.30 kg N ha-1. The ‘total value gained’ was calculated by the 
economic return of EtOH at the control (0 kg N ha-1) subtracted from the economic 
return at each N application rate minus the economic cost of N. The ‘gross marginal 
increase’ was calculated by the gross economic return of EtOH at each N application 
rate subtracted from the economic return from the subsequent N application rate. The 
‘marginal value gained’ was the same as the gross marginal value minus the cost of N at 
each N rate. All values in the calculations conducted were derived from the STEYs from 
each N rate averaged over all three site-years. In this economic comparison, it is 
assumed that N is the major cost difference between corn and sorghum and between the 
sorghum varieties, as land costs and machinery costs would be similar. 
3.3.9 Energy Output from Stover Ethanol 
A simple analysis of net energy balance was conducted based only on the energy 
input by N fertilization and the energy output by EtOH. The energy requirement used for 
combined manufacturing and transporting N fertilizer to the farm was 59 MJ kg N-1 
(Spatari et al., 2005). Two forms of energy output were used to reflect the different 
methods of conversion (Farrell et al., 2006). The energy output from cellulosic energy 
was estimated as 21.2 MJ L-1 (based on latent heat of vaporization) and 23.6 MJ L-1 
(based on higher heating value) (Hammerschlag, 2006; USDA-ERS, 2015). The results 
showed little to no difference in net energy returns between the two energy values 









3.4.1 Main-Effect Sources of Variation 
Total EtOH yield (TTEY) and EtOH yield from grain, stover, and all stover 
constituents significantly varied with N rate and with hybrid/line (Table 3-2).  Across 
site-years, significant differences were found in EtOH yield from the grain, sugars and 
hemicellulose. Total STEY and the EtOH from cellulose and from total fiber components 
in the stover were not significantly different among site-years.  The ratio between the 
EtOH produced from grain and the total EtOH produced from the above-ground biomass 
(grain EtOH ratio) was significantly impacted by N application rate, site-years and 
hybrids/lines.  
3.4.2 Total Theoretical Ethanol Yields 
Averaged across all N rates and site-years, PhotoS-S produced 12,123 L ha-1, the 
highest total EtOH yield from the aboveground material (TTEY) and significantly greater 
TTEYs than the 9164 L ha-1 produced by Sweet-S (Figure 3-1A). The TTEY from all 
other sorghum cultivars (Grn-S, BMR-S DualP-S), and maize were significantly lower 
than that of Sweet-S, but statistically similar to each other (mean of 7147 L ha-1) as they 
differed by only 350 L ha-1. The superior TTEY of PhotoS-S occurred without any 
contribution of grain as PhotoS-S remained vegetative throughout the three site-year 
growing seasons.  Averaged over all hybrids/lines and site-years, TTEY production in the 
absence of fertilizer was 6392 L ha-1. The first increment of N fertilizer increased TTEY 
by 35%; additional fertilizer increased TTEY numerically but increases were not 







When the stover EtOH (STEY) yields were separately evaluated (without the 
contribution from grain), the trends were similar to TTEY but relative differences among 
hybrid/lines were magnified (Figure 3-1A). This was especially noticeable for the 
differences between the PhotoS-S and the hybrids/lines. Averaged across all N rates and 
site-years, PhotoS-S produced approximately 50% more stover EtOH yield than Sweet-S 
(8040 L ha-1) and approximately 150 to 250% more STEY than the other sorghum 
hybrids (3415 L ha-1 to 4944 L ha-1). As with the total aboveground EtOH, maize 
produced STEYs that were similar to that of Grn-S and BMR-S.  DualP-S had 
significantly higher STEY than the commercial hybrids (Grn-S and maize). Across site-
years and hybrid lines, 67 kg N ha-1 maximized STEY. 
The grain EtOH yields (GTEY) were calculated with standard stoichiometric 
coefficients and thus directly reflected the grain yields. Chapter 2 provides an extensive 
discussion of impacts of experimental main effects and their interactions on grain yields. 
Averaged across N rates and site-years, the estimated GTEY ranged from 1124 to 3566 L 
ha-1 in Sweet-S and Grn-S, respectively, with maize producing 3388 L ha-1, which was 
statistically similar to that of Grn-S. The grain fraction of the TTEY was significantly 
different among each grain producing hybrid/line (Table 3-2). Across site-years, Grn-S 
produced slightly more EtOH from the grain than from the stover (51% or a grain 
fraction ratio of 0.51; Figure 3-1C) while Sweet-S produced only about 13% of its EtOH 
from grain; N rate did not alter EtOH grain fractions in either of these hybrids/lines. For 
maize, the mean grain fraction of EtOH was significantly lower than that of Grn-S (0.45 
across N rates), but more EtOH was produced from the grain than stover (0.52 grain 







lower at low N rates (0.34 and 0.42 at 0 and 67 kg N ha-1, respectively). The EtOH grain 
fraction ratios of the other two sorghum hybrids (BMR-S and DualP-S) also increased 
with N fertilizer, but mean grain EtOH fractions were 0.41 and 0.33 for BMR-S and 
DualP-S, respectively, significantly lower than that of maize and Grn-S. Although the 
site-year main effect was not significant for STEY, its interaction with hybrid/line was 
highly significant (Table 3-2). Averaged over N rates and hybrid/lines, STEY only varied 
by 320 L ha-1. Among hybrid/lines, maize and Grn-S showed little difference in STEY 
among site-years (Figure 3-2). However, BMR-S, DualP-S and Sweet-S, produced 
significantly lower STEY at PPAC 2008 when compared to other site-years. This was 
especially noticeable for DualP-S which had plant populations of approximately 38,000 
plants ha-1 at this site.  This is relatively low when compared to the DualP-S plant 
populations at ACRE in 2008 (~75,000 plants ha-1) and 2010 (140,000 plants ha-1). As 
discussed in the companion paper on carbohydrate partitioning (Chapter 2), plant 
population was mostly controlled by management and was considered not to be a 
reflection of variation in germination or tillering rates. Although there was some evidence 
that low populations were at least partially compensated for with larger individual plants, 
performance of DualP-S may be underestimated in this study. In contrast, PhotoS-S 
produced its greatest STEY at PPAC 2008, almost double the quantity produced at ACRE 
2010. This may account for the result that there was no significant effect in STEY when 
assessed over all hybrids/lines (Tables 3-2 and 3-3).  
3.4.3 Stover Theoretical Ethanol Yields from Distinct Carbohydrate Pools 
 Among hybrids/lines, the quantity of STEY derived from the TNC and TF contents 







produced almost 3000 L STEY-TNC ha-1, ~900 L ha-1 more than PhotoS-S, while maize 
and Grn-S produced about a tenth of the amount of Sweet-S STEY-TNC. The BMR-S 
and DualP-s produced intermediate quantities of STEY-TNC. As expected, the PhotoS-S 
produced significantly higher STEY-TF than all other hybrids/lines (approximately 
10,000 L ha-1, averaged over N rates and site-years), two- and three-fold the quantities of 
STEY-TF from Sweet-S and Grn-S, respectively. At 3785 and 4096 L STEY-TF ha-1, 
hybrid/line means from BMR-S and DualP-S were statistically similar. Averaged over all 
hybrids/lines, both the STEY-TNC and STEY-TF significantly increased with the first 
increment of N, and did not significantly differ thereafter (Table 3-3). For the individual 
hybrids/lines this response, whereby the 0 kg N ha-1 control was statistically significantly 
lower  than 67 kg N ha-1 for STEY-TNC, only held true for the Sweet-S and PhotoS-S, 
and for STEY-TF was only true for PhotoS-S.  
All hybrids/lines produced more STEY-TF than STEY-TNC. Commercial hybrids 
(Maize and Grn-S) produced 11-12 fold more STEY-TF than STEY-TNC. The EtOH 
production ratios of STEY-TF to STEY-TNC in BMR-S, DualP-S and Sweet-S were 7, 5, 
and <2, respectively. Regression analysis of STEY-TNC as a function of STEY-TF found 
a significant and moderately positive relationship (R2=0.36; y=1.5x+3150; P<0.001).  
3.4.4 Stover Ethanol Yield Correlations with Structural and Non-Structural 
Carbohydrates 
Although the STEY-TF and STEY-TNC contents were calculated directly from the 
biomass yields, the TF content was more strongly correlated to total STEY (r=0.97, 
P<0.01) than the TNC content was to the total STEY (r=0.79, P<0.01). The 







related to STEY-TNC (r=0.81 P<0.01), while the concentration of TFs (g kg-1) were not 
correlated to STEY-TF.  Within the STEY-TFs, correlation analysis found a strong 
positive association between the STEY from hemicellulose and from cellulose content (r 
= 0.95). Similarly, within the STEY-TNCs, the STEY from the content of sugars were 
positively correlated with those from starches (r = 0.80, P<0.01). The lignin content in 
the stover (kg ha-1) was strongly correlated to total STEY (r=0.91, P<0.01), but the lignin 
concentration showed a weak positive correlation with total STEY (r=0.17, P<0.05). 
Lignin content was more highly correlated with STEY-TF (r = 0.92; P< 0.01) than with 
STEY-TNC (r = 0.62; P< 0.01).  
3.4.5 Moisture and Other Extractives 
Averaged across all N rates and site-years, the moisture concentration in the stover of 
PhotoS-S (714 g water kg-1 wet wt.) was significantly higher than in Sweet-S and BMR-S 
(690 and 694 g water kg-1 wet wt., respectively). The Grn-S and DualP-S were 
statistically similar to each other while not being statistically different from any of the 
other the sorghum hybrids/lines (704 g water kg-1 wet wt.). Even with significant 
differences among the hybrids, the moisture concentration in the stover of the sorghum 
hybrids/lines had a very low variance, with a mean and standard error of 701±2 g water 
kg-1 wet wt. (across all N rates and site-years). Due to the low variance in moisture 
concentration among the sorghum hybrids/lines, the differences in total moisture content 
from the stover (ranging from approximately 21,600 to 75,700 kg water ha-1) can largely 
be accounted for by the differences in stover biomass yield. Compared to the sorghum 







with a mean of 586 ±15 g kg-1 wet wt. and thus moisture content was also lower in maize 
(~14,500 kg ha-1) than the sorghum hybrids/lines.   
All other non-convertible extractives, including minerals, proteins, lipids, waxes and 
resins, which will not be readily converted to EtOH in the bioethanol conversion process, 
are reported and discussed in the previous chapter (Chapter 2). There was also low 
variation in the concentration of these extractives ranging from 280 – 310 g kg-1 total 
stover dry weight across all hybrids/lines, N rates and site-years. 
3.4.6 Nitrogen (Management and Accumulation) and Stover Theoretical Ethanol Yield 
Across site-years, N application rate and hybrids/lines had a significant effect on the 
total N accumulated in the stover and in the aboveground biomass. Across all the 
hybrids/lines, N content in the stover and the aboveground biomass increased with N rate 
(Table 3-4). On average, PhotoS-S had 215 kg N ha-1 in stover, a significantly higher 
content than in Sweet-S (107 kg ha-1). Stover N content was much lower in all other 
hybrids and maize (59 – 72 kg ha-1). Maize and DualP-S showed no significant increase 
in stover N content with increase in N rate. All other hybrids/lines had a significant 
difference between the highest N rate and the 0 kg N ha-1. Intermediate N rates did not 
have significantly different stover N contents from each other or from the high and low N 
rates for the hybrids mentioned except for PhotoS-S. At the first increment of N fertilizer 
(67 kg ha-1), the PhotoS-S line had significantly lower stover N content than at the 
highest N rate. When N content in the total aboveground biomass was considered, 
PhotoS-S still maintained highest total accumulations among all hybrids/lines (Table 3-4) 
despite having no grain tissue. Of the grain-producing cultivars, the N content in the grain 







stover alone. The only exception was Sweet-S, which only had 36% more N in the total 
aboveground material relative the N content in just the stover (Table 3-4). As with stover 
N content, an increase with each incremental N rate brought about a significant increase 
in aboveground N content. At the highest N fertilizer rate, each hybrid/line exhibited 
significantly higher N content in the aboveground biomass than when no N was applied. 
For all hybrids/lines except Sweet-S, at 67 kg N ha-1 the aboveground N content was 
significantly lower than the highest N rate. For only Maize and BMR, this first rate of 
applied N had a significantly higher aboveground N content than when no N was added.  
3.4.6.1 Agronomic Nitrogen Use Efficiency (ANUE) 
The amount of STEY produced as a function of N application rate (Figure 3-1A) 
also known as the ANUE was significantly different among N rates and hybrid/lines 
(Figure 3-3). Across hybrid/lines, the ANUE for STEY was significantly higher for the 
first increment of N applied (20.6±5.2 L kg-1) than at the other two N application rates 
(9.1±2.1 and 7.5±2.0 L kg-1) (Figure 3-3). Across all N application rates, the PhotoS-S 
and Sweet-S lines had higher ANUE (24.7 ±5.2 L kg-1) than all of the three sorghum 
hybrids (Grn-S, BMR-S and DualP-S) in this study (5.1 ±1.4 L kg-1), and maize (9.6 L 
kg-1). Within a given N rate, the significant differences among hybrids/lines were only 
found at the first increment of N fertilizer applied (67 kg N ha-1); there were no 
significant differences among hybrids/lines at the two highest N fertilizer increments.  
Applying fertilizer at the two increments of 67kg N ha-1 (135 kg N ha-1 or 202 kg N ha-1) 







increment of 67 kg N ha-1 to all hybrids/lines except Grn-S, which had the numerically 
lowest mean ANUE and variance across all N rates ranging only from 2.6 – 3.0 L kg-1. 
3.4.6.2 Plant Nitrogen Accumulation and Physiological Nitrogen Use Efficiency 
(PNUE) 
Across site-years, N application rate and hybrids/lines had a significant effect on the 
total N accumulated in the stover and in the aboveground biomass. Across all the 
hybrids/lines, N content in the stover and the aboveground biomass increased with N rate 
(Table 3-4). On average, PhotoS-S had 215 kg N ha-1 in stover, a significantly higher 
content than in Sweet-S (107 kg ha-1). Stover N content was much lower in all other 
hybrids and maize (59 – 72 kg ha-1). Maize and DualP-S showed no significant increase 
in stover N content with increase in N rate. All other hybrids/lines had a significant 
difference between the highest N rate and the 0 kg N ha-1. Intermediate N rates did not 
have significantly different stover N contents from each other or from the high and low N 
rates for the hybrids mentioned except for PhotoS-S. At The first increment of N fertilizer 
(67 kg ha-1) the PhotoS-S line had significantly lower stover N content than at the highest 
N rate. When N content in the total aboveground biomass was considered, PhotoS-S still 
maintained highest total accumulations among all hybrids/lines (Table 3-4) despite 
having no grain tissue. Of the grain-producing cultivars, the N content in the grain and 
stover (aboveground N content) was over 100% higher than the N content in the stover 
alone. The only exception is Sweet-S, which only had 36% more N in the total 
aboveground material relative the N content in just the stover (Table 3-4). As with stover 







with aboveground N content. At the highest N fertilizer rate, each hybrid/line exhibited 
significantly higher N content in the aboveground biomass than when no N was applied. 
For all hybrids/lines except Sweet-S, at 67 kg N ha-1 the aboveground N content was 
significantly lower than the highest N rate. For only Maize and BMR this first rate of 
applied N had a significantly higher aboveground N content than when no N was added.  
Slopes of the regression analyses conducted (Figures 3-4a to 3-4c) describe the 
relationship between stover and total EtOH (L) production per kg of N content in the 
stover and aboveground biomass. These slopes indicate the efficiency of N use for EtOH 
production (PNUE). The regression analysis between stover N content and STEY (Figure 
3-4a) showed a strong positive relationship, irrespective of hybrid/line (y=1562+47x; 
R2=0.78; P< 0.01). Thus, the average STEY-PNUE for stover N content across all 
hybrids/lines was 47 L EtOH kg N in stover-1. Likewise, regression analysis revealed a 
fairly close relationship between TTEY and total aboveground N content (Figure 3-4c) 
with each kg N ha-1 in biomass increasing TTEY by 35 L ha-1 (y=2685+35x; R2= 0.57; 
P< 0.01). The relationship between STEY and total aboveground N content 
(y=1012+31x; R2= 0.31; P< 0.01; Figure 3-4b) was significant but weaker than the 
STEY-PNUE from stover N content, and the TTEY-PNUE from aboveground N content.  
Individually, the relationship between STEY and stover N content in each hybrid/line 
ranged from 11 – 55 L EtOH per kg of stover N for Grn-S to DualP-S, respectively 
(Figure 3-4a). The DualP-S had a significantly higher efficiency for producing STEY per 
unit of stover N (56 L kg N-1) than maize and BMR-S (P<0.001) and higher (P≤0.10) 
than the PhotoS-S and Sweet-S. Grn-S had a significantly lower PNUE (11 L kg N-1; 







(30 -39 L ha-1 of STEY per kg of N in the stover). Grn-S maintained the lowest PNUE 
when STEY and TTEY were regressed against the total N content in the plant (grain and 
stover). For these two PNUE relationships, Sweet-S and PhotoS-S produced more EtOH 
(35 and 38 L kg N-1, respectively) and total EtOH (39 and 38 L kg N-1, respectively) 
compared to all the hybrids/lines. For the former regression, all other hybrids produced 
significantly lower STEY, 5-17 L kg N-1 EtOH from the stover, in the aboveground 
biomass, than the Sweet-S and PhotoS-S lines (Figure 3-4b). For the latter relationship, 
only Grn-S and BMR-S were significantly less efficient (P≤0.05) than all other hybrids; 
33 – 39 L kg N-1 EtOH in the total aboveground plant material. The PNUE regression 
coefficient for PhotoS-S remained the same across all three relationships, while the 
PNUE of maize for STEY related to total aboveground N content, was a third (1/3rd) that 
compared to the relationships between STEY and stover N content, and TTEY and 
aboveground N content (Figure 3-4a-c).  
3.4.7 Economic Response to Incremental Nitrogen Fertilizer Addition 
Table 3-5a shows inputs and costs related to N fertilizer. More specifically it details 
the per hectare application rate of the 28% UAN fertilizer (239, 482 and 721 kg UAN 
ha-1), and the corresponding costs of the N at each of the N application rates, which were 
just below $100, $200 and $300, respectively.  Table 3-5b shows the gross economic 
output value related to stover theoretical ethanol yield (STEY), and was calculated using 
$0.62 L-1 of EtOH at each N application rate for each variety.  
Across all years and all N application rates, the gross economic output of STEY 
ranged from just under $2000 ha-1 to just above $ 8500 ha-1 for all the sorghum 







of stover EtOH at 0 N kg ha-1 was lower than the economic value when N was applied at 
any higher rate.  At 0 kg N ha-1, all sorghum hybrids/lines returned higher economic 
values from STEY than was observed for maize. However, when N was applied at any 
rate, Grn-S STEY production values were lower than those of maize. For all hybrids/lines 
except PhotoS-S, the application of N fertilizer at the three rates returned stover EtOH 
values within $600 per hectare of each other and with standard deviations (std. dev) that 
ranged from just above $50 to just above $300 as seen in the most right column (Table 3-
5b). Specifically, when N fertilizer was applied at the three different N rates, the 
difference in economic output from the lowest N rate to the highest N rate was <$100 ha-1 
for maize and BMR-S with std. devs of $51 & $64 respectively, was <$150 ha -1 for Grn-
S with a std. dev of $ 130, was ≤$300 ha-1 for DualP-S and Sweet-S with std. devs of 
$ 250 & $304 respectively, and was <$600 EtOH L ha-1 for PhotoS-S with a std. devs of  
$544. 
The values displayed in Table 3-6a are the net gains, therefore, they account for both 
the cost of N and the returns when N fertilizer was added. Photoperiod sensitive sorghum 
followed by Sweet-S had the highest economic returns from STEY at all N application 
rates including the 0 N kg ha-1 control. Photoperiod sensitive sorghum returned $5997 ha-
1 at the control rate (Table 3-6a. left column; 0 kg N ha-1) and increased in value with N 
fertilizer up to $2373 ha-1 with 202 kg N ha-1 (subsequent columns from left to right). 
Sweet-S returned $ 3955 ha-1 at the control and gained up to $1471 ha-1 with the addition 
of 67 kg N ha-1. Among all hybrid/lines except PhotoS-S, the first increment of 67 N kg 
ha-1 resulted in the greatest increase in the STEY economic returns per hectare when 







produced the lowest dollar value of STEY per hectare at each N application rate and 
gained the least with each subsequent N application when compared to the value returned 
at 0 kg N ha-1 (Table 3-6a). The Grn-S returned $1944.95 ha-1 at 0 N kg ha-1 and, when 
compared to all other hybrids/lines, had the lowest increase in economic returns ($20 ha -
1) when N rate increased to 67 kg ha-1. At the higher N applications, Grn-S only gained 
$18 ha-1 and $80 ha-1 with applications of 135 and 202 kg N ha-1, respectively, when 
compared to 0 N kg ha-1 (Table 3-6a). For most hybrids/lines, increasing from 0 to 67 kg 
N ha-1 gained the highest return, followed by the application of 202 kg ha -1 of N; 135 kg 
N ha-1 had the lowest gain from applying that N rate. Maize and PhotoS-S were the 
exceptions as they had higher returns at 135 than at 202 kg N ha -1. Applying 135 kg ha-1 
N resulted in an economic loss of $68 ha-1 for DualP-S when compared to not applying 
any N fertilizer.  
Table 3-6b shows the gross economic marginal gain (or loss) of EtOH at each N rate 
before the costs of N fertilizer were taken into account. For instance, when the cost of N 
is not factored in, the marginal economic returns for Grn-S economic EtOH showed an 
increase of $118 (in the second column; Table 3-6b). When N application rate increased 
from 67 kg ha-1 to 135 kg ha-1 the value of EtOH increased by $97 ha-1. The additional 
incremental increase of N to 202 kg ha-1 further increased the value by $159 ha-1. 
However, once the cost of N at each application was taken into account (Table 3-6), there 
was only a $20 increase in ethanol returns from the 67 to 135 kg N ha -1. Successively 
higher N fertilizer rates resulted in deficits in marginal economic returns by $100 and 
$135 ha-1 for the higher and highest rates respectively (Table 3-6c). When 135 kg ha-1 of 







hybrids/lines. Generally, for most hybrids/lines, any additional increase in N application 
rate after 67 kg ha-1 resulted in economic loss when the cost of N was taken into account 
(Table 3-6c). The two exceptions were DualP-S and PhotoS-S, where both cultivars 
incurred losses after at the 135 kg N ha-1 application rate, but then acquired marginal 
gains of $81 and $669 ha-1 respectively when there was an increase in N application rate 
from 135 to 202 kg ha-1. 
Very basic sensitivity analyses show that when N prices were half the price used in 
this study ($1.46), there would be little change with the detection of the marginal returns. 
Only the commercial grain sorghum (Grn-S) would have a positive economic return at 
135 kg N ha-1. Nitrogen prices would have to drop by approximately 75% for any of the 
other cultivars to exhibit a change in their economically efficient N rate. This would 
move the most efficient rate of N from 67 kg N ha-1 to 135 kg N ha-1. At that price only 
the BMR-S (along with the Grn-S) had a positive marginal gain at 135 kg ha-1. If EtOH 
prices doubled, only commercial grain sorghum would have a slight marginal gain at 135 
kg ha-1. Even, at 10-fold EtOH price increase, most sorghums and maize don’t show a 
positive marginal gain at 135 kg ha-1. It also seems unlikely that changes in EtOH prices 
would result in a change in the most optimum N rate being higher than 67 kg ha-1. 
Overall, from an economic standpoint and based on the net gains and marginal returns 
for each cultivar, 67 kg N ha-1 appears to be the level of N that is most favorable 
economically. In addition, a comparison of the maize hybrid to all the sorghum 
hybrid/lines reveal that there is at least one sorghum hybrid/line that has more favorable 
returns than maize at each N rate when evaluating total value gained, marginal value of 







3.4.8 Basic Energy Balance of Nitrogen Fertilizer Input and Stover Ethanol Output 
From an energy standpoint, the net per hectare EtOH energy produced by each 
hybrid/line ranged from about 62,000 MJ ha-1 up to almost 284,000 MJ ha-1 when N 
fertilizer accounted for 59 MJ kg-1 of embodied energy and energy output from EtOH 
was 21.2 (Table 3-7). When no N fertilizer was used, (i.e. no energy input from N), all 
sorghum hybrids/lines had a higher net energy return than maize. However, once N was 
applied at any N rate, maize produced more net energy that Grn-S but less than all other 
sorghum cultivars (Table 3-7b). Based on basic marginal analysis all cultivars were 
proven to be most energy efficient when N fertilizer was applied at a rate of 67 kg ha -1 as 
with agronomic and economic efficiencies. 
3.5 Discussion 
The grain theoretical ethanol yields (GTEY) for grain sorghum (Grn-S) and maize 
were generally comparable to the yields for this region in the study years (USDA-ERS, 
2015). These commercial grain hybrids produced significantly higher GTEYs than all 
other hybrids. However, the non-grain producing and low-grain producing lines (PhotoS-
S and Sweet-S, respectively) produced significantly higher total theoretical ethanol yields 
(TTEY). Similarly, the estimated grain, stover and bagasse EtOH yields reported by 
Propheter et al. (2010) showed that their sweet and photoperiod sensitive cultivars in their 
study had higher TTEYs than their dual-purpose and low-lignin cultivars. The results 
presented in our study revealed that PhotoS-S is the highest ethanol-producing cultivar, 
which was supports previous studies that show that the photoperiod sensitive line had 
higher cellulosic ethanol yields (Tamang et al., 2011) However this and other studies 







sensitive sorghum cultivars (Dweikat et al., 2012; Propheter et al., 2010; Tamang et al., 
2011). Propheter et al. (2010) reported that the total EtOH yield from their sweet 
sorghum cultivar was up to 3000 L ha-1 higher that the EtOH yield from their photoperiod 
sensitive cultivars.  
The hybrids/lines followed the order of biomass yields from highest to lowest 
production of STEY (PhotoS-S>>Sweet-S>>DualP-S>BMR-S>maize and Grn-S) as 
reported in the previous chapter (Chapter 2). This indicates that biomass yield is an 
important driver of stover EtOH yield. This is further confirmed by a linear function 
between EtOH yields and stover biomass (data not shown). When the stover yields were 
compared to STEY for each cultivar, the range of STEY each kg of stover produced was 
between a minimum of 0.38 L kg-1 stover dry wt. (Grn-S) and a maximum of 0.42 L kg-1 
stover dry wt. (Sweet-S). This relatively small and statistically insignificant range reveals 
that the conversion of each gram of stover to EtOH does not differ much. Thus, EtOH 
yield was largely unaffected by the diverse concentrations of the various carbohydrate 
pools within the stover. This implies that the anticipated advantages and disadvantages 
associated with the variation in composition of the carbohydrate pools are not realized in 
our empirical analysis. For instance, the major advantage anticipated with Sweet-S is that 
it has a relatively high free-sugar content, which would readily and easily be fermented 
into EtOH  (Han et al., 2013; Zhao et al., 2009), and thus the per gram conversion of 
Sweet-S was expected to be significantly higher than all other hybrids/lines (Monti and 
Venturi, 2003; Tamang et al., 2011; Theerarattananoon et al., 2010).  However, no such 
advantage has been noticed for EtOH yields from Sweet-S. Propheter et al. (2010) 







consideration the free sugars and used a conversion rate of 1.76 L EtOH kg-1 fermentable 
carbohydrates in the stover of the Sweet-S.  Theerarattananoon et al. (2010) also did a 
study on the bioconversion efficiency of five distinct sorghum cultivars and maize, each 
with similar characteristics to the hybrid lines used in our study.  They concluded that 
composition of these cultivars did indeed play a significant role in the rate of conversion 
from stover to EtOH.  
For this present study, the heavy influence of stover biomass yield on STEY is 
primarily attributable to the conversion equations used. The equation was formulated 
using stover to EtOH conversion factors, and recovery and conversion efficiencies for 
maize stover. These were extracted from NREL’s process and design and economics 
report for a dilute acid pretreatment and enzymatic hydrolysis conversion process from 
maize stover to EtOH (Humbird et al., 2011). Final values were verified from their state 
of technology report (Humbird and Aden, 2009). The stoichiometric conversion factors in 
the report for converting complex sugars to anhydrous monomeric sugars (glucose and 
xylose) based on the molar weights and hydrolysis reactions were standard (Drapcho et 
al., 2008; Lee et al., 2007; Theerarattananoon et al., 2010). The predicted conversion 
from monomeric sugars (glucose and xylose) to EtOH at 0.51 g EtOH g glucose or xylose 
-1 was also the same as other studies for maize stover and is used as the industry standard 
(Badger, 2002; Wu, 2008). Sorghum grain also maintains the same conversion factor as 
maize grain to EtOH (Drapcho et al., 2008). The conversion efficiency from complex to 
simple sugars are different with changes in feedstock species (Chandel et al., 2011), 
enzymatic species and conversion methods (Chandel et al., 2011; Gnansounou and 







in this study were within ranges of other estimates and empirical findings (Badger, 2002; 
Chandel et al., 2011; Theerarattananoon et al., 2010) which supports their use in this 
current study.  
While NREL’s conversion factors for complex sugars to monomeric sugars and 
conversion efficiencies to EtOH are relatively standard, it is the their estimated rates of 
recovery during the pretreatment and hydrolysis processes that seem to be optimistic and 
over simplified for the distinct carbohydrate compositions for sorghum hybrids/lines. 
Theerarattananoon et al. (2010) reported similar xylose conversion recovery rates across 
sorghum cultivars similar to those of this study. This was in agreement with Dien et al. 
(2009), who also found no differences in xylose conversion across sorghum with various 
bmr mutations.  The equation reveals total per kilogram hemicellulose to EtOH 
conversion of 0.39 L EtOH kg-1, which is lower than all other carbohydrate pools. Our 
study exhibited hemicellulose concentrations and contents that were also significantly 
lower than cellulose, which is contrary to previous conclusions of cellulose conversion 
having a greater impact on the total conversion equation than hemicellulose (Hamelinck 
et al., 2005; Theerarattananoon et al., 2010). 
The NREL assumes a recovery efficiency of 90% of glucose from cellulose (Humbird 
et al., 2011). This high recovery efficiency for the complex sugars result in total 
conversion rates for both complex and monomeric sugars to be extremely similar. 
According to the equation in this study, both free sugars and cellulose had estimated per 
kg conversion rates of 0.61 L EtOH kg of sugars-1.  However, there have been reports that 
show sugar to have a higher total conversion than cellulose (Han et al., 2013; Lee et al., 







and cellulose suggesting that there is no difference between converting free glucose 
sugars and those bound within the cell wall. This may be an unrealistic assumption as 
there is a difference in ease and recovery of conversion to EtOH among the two 
carbohydrate pools (Han et al., 2013; Lee et al., 2007). Furthermore, Theerarattananoon 
et al. (2010) reported significant differences in cellulose recovery across the five sorghum 
cultivars and maize in their study. Therefore, not only does NREL need to reconsider the 
recovery on complex sugars on a commercial scale, it is imperative to include the 
differences in cellulosic recovery among hybrids/lines. The equation justifiably does not 
account for pectin, which is another polysaccharide in the cell wall (Vermerris, 2008). 
Although pectin can be converted in EtOH, it has an extremely low concentration in the 
stover of bioenergy grasses (Vermerris, 2008). However, pectic substances can be up to 
22% of biomass dry weight in other plant species (Wilson, 1994).  
The other major constituent of maize and sorghum stover that often impacts the 
conversion of cell walls to EtOH is lignin (Vermerris, 2008). Lignin is not converted to 
EtOH in the process used by NREL utilized in our study (Humbird et al., 2011), thus the 
removal of lignin is a critical and major process in EtOH conversion.  The NREL report 
includes an associated economic cost for lignin removal and combustion (Humbird et al., 
2011). However, there is no account of how variations in lignin concentration in the 
feedstock will impact the removal, and conversion and recovery efficiencies of stover to 
EtOH. Consequently, low-lignin cultivars (e.g. BMR-S) will not show any advantages 
over normal, high-lignin hybrids/lines when theoretical estimates of EtOH conversion are 
used, as with using the NREL conversion rate estimates. This is inconsistent with 







rates and extent of digestion of maize and sorghum forage (Cherney et al., 1991; Di 
Marco et al., 2009; Fahey, 1994 and references within). Analogous to the forage reports, 
empirical laboratory scale studies of thee bmr hybrids of  maize and sorghum exhibit 
higher conversion rates of stover biomass to EtOH than the non-bmr hybrids/lines  using 
simultaneous saccharification and fermentation (Dien et al., 2009; Lorenz et al., 2009; 
Vermerris, 2008). Theerarattananoon et al. (2010) also reported higher enzymatic 
conversion of cellulose to EtOH in their bmr sorghum hybrid when compared to five 
other sorghum hybrids/lines without the bmr trait.  Further, Dien et al. (2009) revealed 
that sorghum lines with the bmr trait also had higher EtOH yields compared to their non-
bmr hybrids. The BMR-S was among the lowest ethanol-producing hybrid in this study 
due to the low biomass yields; reduced biomass is commonly observed in sorghum 
hybrids/lines with the bmr trait (Dien et al., 2009; Lorenz et al., 2009; Vermerris, 2008).   
Stover contains other non-carbohydrate material that may impact carbohydrate yield 
and thus EtOH yield, including moisture and non-convertible extractives. Although there 
was a significant difference in moisture content among all hybrids/lines, the moisture 
concentration of all sorghum hybrids/lines in this study at harvest varied from 690 – 714 
g kg-1.  Maize had a significantly lower moisture content than all the sorghum 
hybrids/lines. The over 100 g kg wet wt. difference in moisture content between maize 
and sorghums may be due to maize having an earlier maturity than the sorghums used in 
this study (Gill et al., 2014). Moisture content has been found to impact the amount of 
carbohydrate retained during storage, and is a major factor in decisions for storage time 
and temperatures of sorghum feedstock used for EtOH production (Cai et al., 2013; 







Monti, 2012). Therefore, harvesting and drying down of sorghums on the field after 
maturity will need to be taken into consideration for those involved in the logistics, 
transport and bioconversion between the farm to the EtOH plants (Haankuku et al., 2014; 
Helsel and Wedin, 1981; McKendry, 2002).   
The non-convertible extractives from the stover, which is comprised of minerals, 
proteins, waxes, nucleic acids and lipids and other inorganic materials (Cherney et al., 
1991a) have been reported to decrease the efficiency of equipment used in the 
bioconversion process (Jenkins et al., 1998). Non-convertible extractives were found to 
be a considerable portion of stover in this study ranging from 266 – 315 g kg-1 of non-
convertible extractives in stover, which was supported by Cherney et al. (1991a) who 
reported concentrations of non-convertible extractives in other grasses, such as 
switchgrass, reed canary grass and alfalfa (230-280 g kg-1) that were similar to the 
sorghum and maize concentrations in our study.  
Before N effects and efficiency, and stover N concentration and content are 
discussed, it should be noted that the 0 N kg ha-1 (no fertilizer applied) might not 
correspond to low soil N availability, especially in a soil with at least 4% organic matter. 
These experiments were conducted subsequent to soybean production in the previous 
growing season.  Both maize and sorghum have exhibited N credit from the previous 
year’s leguminous crop (Bagayoko et al., 1992; Varvel and Wilhelm, 2003; Vitosh et al., 
1995). Although N may not be completely depleted in the soil, not applying fertilizer to 
these annual intensive row crops is considered less than ideal (Maughan et al., 2012; 
Tamang et al., 2011) and may not be sustainable after several contiguous years 







Nitrogen content in the stover, was significantly different among the hybrids/lines 
with PhotoS-S and Sweet-S having significantly higher N content than all other 
hybrids/lines (Table 3-4). Propheter et al. (2010)  suggest that the high N contents for 
some sorghum lines compared to maize were a result of later maturity than maize.  
Lemaire et al. (1996) also discuss the potential for sorghum N uptake to be higher than 
maize, but only during times of N limited conditions. This is highlighted with the 0 kg N 
ha-1 results in this study, as all sorghums had more N in the stover than maize yet still 
produced more EtOH than maize. All sorghum hybrids/lines, except Grn-S produced 
enough STEY to have a higher PNUE for stover EtOH to stover N content than maize. 
Overall, STEY and TTEY increased with an increase in N uptake in the stover and the 
total aboveground plant. This is in agreement with Wiedenfeld (1984), one of the very 
limited number of studies that investigated EtOH yield and N uptake. When considered 
together, the reports from Propheter and Staggenborg (2010) and Propheter et al. (2010) 
also reveal that their sweet sorghum and photoperiod sensitive sorghum cultivars had 
significantly higher N removal rate connected with the higher EtOH yields than other 
sorghum and maize cultivars. 
The hybrids/lines in our study differed in how efficiently the N in the stover and the 
aboveground biomass was used to produce EtOH from the stover and the aboveground 
biomass (PNUE). Nevertheless, across the three regressions, the Sweet-S and PhotoS-S 
lines were among the hybrids/lines with the highest PNUEs and Grn-S had the lowest 
PNUE (Figure 3-4a-c). Theses similarities among the regressions for these three 
hybrids/lines may be due to the consistently low or high grain EtOH produced by these 







lower EtOH yields (Table 3-3; Figure 3-1), while taking up similar or higher amounts of 
N in the stover and grain as other hybrids/lines (Table 3-4). This indicates that it is using 
more N to produce less energy from the stover than the other hybrids/lines, while the 
Sweet-S and the PhotoS-S will potentially produce more EtOH energy from the stover 
with less energy from N taken up (Figure 3-4). For stover only, the DualP-S most clearly 
produces more stover EtOH per kg of N in the stover than all other hybrids/lines (Figure 
3-4a).  
The agronomic N use efficiency (ANUE) for all hybrids/lines was exhibited at the 
first increment of N fertilizer applied (67 kg N ha-1). All hybrids/lines experienced a lack 
of EtOH yield response to fertilizer for N rates above 67 kg N ha-1. This may be due to a 
decrease in carbohydrate content with higher levels of N fertilizer as discussed by 
Zegada-Lizarazu and Monti (2012). This aligns with the results from our parallel paper 
which revealed that carbohydrate concentration was slightly lower with higher N 
fertilizer application rate and that there was no difference in carbohydrate content with N 
fertilizer application rate. Our results indicate that to produce EtOH yield, the most 
optimum rate for N fertilizer is at least 67 kg ha-1, but below 135 kg ha-1. Other studies 
report ANUEs for EtOH from sorghum fall within the range found in our study. More 
specifically, Sawargaonkar et al. (2013) reported  EtOH produced from sweet sorghum 
was most efficient with 90 kg N ha-1 and Tamang et al. (2011) reported EtOH from sweet 
and photoperiod sensitive sorghum were most efficient at 108 kg ha -1.  
Comparing the hybrids/lines across all rates of N fertilizer applied, only two (PhotoS-
S and Sweet-S) proved to use N fertilizer more efficiently than maize to produce EtOH 








relatively high ANUE inherent to sorghum is typically more pronounced under stressed 
(low-N) conditions (Lemaire et al., 1996). The experimental sites in this study were 
conducted on prime agricultural lands, coupled with the aforementioned biological N 
credit and low stress conditions (Zegada-Lizarazu and Monti, 2012), these factors may 
have contributed to the sorghum hybrids (Grn-S, BMR-S and DualP-S) having similar 
ANUEs with maize hybrids.  
Considering only the costs of N fertilizer and value of EtOH, the economic efficiency 
of EtOH yields from sorghum stover was highest at the same rate as the ANUE (67 kg N 
ha-1), i.e. ANUE mirrored economic efficiency. Generally, when N was applied at any of 
the three rates (67, 135 202 kg ha-1), there was low variability in the economic return 
among them (Table 3-6). This result could suggest that what distinguishes any economic 
benefit is not necessarily N rate, but the cost at which the N fertilizer is applied. There 
will be a cost associated with applying N fertilizer, which in this study was 
approximately $100, $200 or $300 ha-1 for each increasing N rate respectively. However, 
there is a justifiable gain in STEY return when N is applied at any rate compared to when 
N is not applied at all (Table 3-6b; Leal et al., 2013).  Moreover, once the cost of N is 
accounted for, the highest economic return of EtOH for most hybrids/lines is with the 
first increment of N (67 kg N ha-1), and any additional N application revealed an overall 
loss in EtOH returns compared to the returns 67 kg N ha -1 (Table 3-6). Consequently, 
positive economic returns should be expected with low N application rates (0 >67 kg N 
kg ha-1) as any marginal increase in N application rate after 67 kg ha -1 usually resulted in 
losses except for DualP-S and PhotoS-S at the highest N rate (Table 3-6c). These 








fertilizer rate for EtOH from sorghum (EONR) was highest at 101 kg N ha -1 (Tamang et 
al., 2011), or an even lower range of 10 to 46 kg ha-1 in (Kaizzi et al., 2012). 
Additionally, the sorghum hybrids/lines did have higher economic returns at 67 kg ha -1 
than for maize which was also found in Kaizzi et al.(2012). With this comparison, 
sorghum seems to be a suitable feedstock that may perform even better than the 
commercial maize hybrid on prime agricultural lands.  
Not considered in this economic evaluation, is the possibility that due to its higher 
drought tolerance, sorghum might  not require irrigation where maize might and could 
possibly be grown on less expensive land than maize, more likely to be marginal for 
maize production  (Rooney et al., 2007; Shoemaker et al., 2010; Vasilakoglou et al., 
2011; Zegada-Lizarazu and Monti, 2012). Thus, as sorghum has an economic advantage 
over maize when only accounting for N costs, sorghum might indeed prove to be more 
advantageous if it were grown on less expensive land or without irrigation on lands that 
would need to be irrigated for maize production. To put this in perspective, the cost in N 
fertilizer input at the most efficient N rate in this study, is four-fold less than the total 
land unit costs (not including N application) reported for forage sorghum by Haankuku et 
al. (2014). 
Very basic sensitivity analyses reveal that economic efficiency is stable at the first 
increment of N fertilizer. The results show that if N prices were half the price used in this 
study ($1.46), only the commercial grain sorghum (Grn-S) would have a positive 
economic return at 135 kg N ha-1 and for any further changes to occur at least a 75% 
decrease in N prices would be necessary. According to the USDA’s ERS, (2015) the most 








Furthermore, since 1960, there has been a consistent trajectory of increase in fertilizer 
prices and there is no record of significant decreases in N costs, especially of magnitudes 
close to 50%  (USDA-ERS, 2015). Of the UAN fertilizer domestic price trends, the most 
recent and highest decrease was between 2008 and 2010, where 2008-2009 showed a 
decrease from $1.32 kg N-1 to $1.16 kg N-1, and then further to $1.09 in 2010. Since 
1960, N fertilizer costs only decreased a few more times before that (2002, 1999 1989, 
and 1976) (USDA-ERS, 2015). By these trends, it seems unlikely that there will be 
enough change in fertilizer prices for applying N at a rate of 67 kg ha -1 to move from 
being the most efficient N rate.  If EtOH prices doubled, only commercial grain sorghum 
would have a slight marginal gain at 135 kg ha-1. Even at 10-fold EtOH price increase 
most sorghums and maize do not show any positive marginal gain at 135 kg ha -1. It also 
seems unlikely that changes in EtOH prices would result in a change in the most 
optimum N rate moving from 67 kg ha-1. 
There are two limitations to our economic study that are important to note. Firstly, the 
study presented here conducted simple marginal accounting to get a basic understanding 
of how the various hybrids/lines respond to N fertilization and the economic inputs and 
outputs that are associated with these differences via the costs attributed to N fertilizer 
applied at 67 kg N ha-1 increments and value returned from EtOH production only. 
However, in order to determine economic optimum N fertilizer rates,  other studies have 
used quadratic  functions from regression analyses of  N to EtOH relationships (Kaizzi et 
al., 2012; Tamang et al., 2011). Using a quadratic function to determine the economic 
optimum N rate would allow for a more specific extrapolation of the value. Secondly, 








with processing biomass feedstock to EtOH may vary with bioconversion method, 
storage requirement and harvesting equipment. Also, all costs and benefits related to 
these processes are currently hypothetical, because, at the time of writing, there was no 
lignocellulosic EtOH plant, nor a standing market in place for trade of lignocellulosic 
EtOH. 
From an energy standpoint, and only based on fertilizer energy input and EtOH 
energy output, the results show that, as with the grain of  sorghum and maize (Wang et 
al., 2008), the stover of sorghum and maize may be viable feedstocks for ethanol. In this 
study the energy requirements for N fertilizer were anywhere between 4-11 % of the 
gross energy output and could be as high as 15% of the net energy output. For the 
production of maize grain EtOH, the energy input to N fertilizer is also approximately 
10% of the net ethanol energy (Hill et al., 2006; Wang et al., 2008). Unlike the study 
presented here, the maize and sorghum grain EtOH studies do indeed take into 
consideration the majority of the factors that require non-renewable energy in the EtOH 
production process (Hill et al., 2006; Wang et al., 2008). There is little information on 
energy output from maize and sorghum cellulosic EtOH. However there are several 
studies that have reported on EtOH produced from the stover of sweet sorghum (Calviño 
and Messing, 2012; Worley et al., 1992; Zegada-Lizarazu and Monti, 2012). Worley et 
al. (1992) had reports revealed sugar contents for sweet sorghum at approximately 4000 
kg ha-1, with an equivalent energy yield of approximately 150,000 MJ ha -1. Those results 
are similar to our finding of approximately 135,000 MJ ha-1 of energy produced from 
Sweet-S at the lowest N rate. Our parallel study confirms that our reported range of TNC 








Our current study further demonstrates that having low nitrogen rates for agronomic 
optimization can be advantageous for the energy gains in addition to economic benefits 
(Byrt et al., 2011). However, this basic analysis was conducted within the scope of the 
parameters available in this study, therefore it only accounts for N fertilizer and EtOH 
yield. More comprehensive research has shown that N fertilizer may only account for 
approximately 15% of all energy requirements in the entire EtOH production process 
(Hill et al., 2006; Reed et al., 1986; Wang et al., 2008). Thus, this simple and reduced 
evaluation of energy produced by the stover of sorghum and maize EtOH only serves as a 
primary step for us to understand that further evaluation will be necessary to truly 
determine the feasibility of producing each of these cultivars in the US Midwest.  
3.6 Conclusion 
Sorghum hybrid/lines were analyzed to determine their ethanol (EtOH) yield 
potential, and the effect of composition on stover EtOH yield (STEY). Also, the effects 
of N fertilizer application rate on STEY, marginal economic gains and energy outputs 
were evaluated. The results revealed that:  
i. Theoretical STEYs for sorghum hybrids/lines, which ranged from an average 
of 3,415 (Grn-S) – 12,123 L ha- (PhotoS-S), were significantly different with 
hybrids and N rates. The low- and non-grain producing lines had the highest 
STEY and the commercial grain hybrids had markedly lower STEYs. 
However, the distinct differences in carbohydrate pool concentrations among 









ii.  An increase in N fertilizer application rate resulted in increased N contents in 
the stover and aboveground plant material. The increase in N content was also 
related to an increase in stover and total EtOH yields. 
iii.  Nitrogen fertilizer application rate significantly impacted the amount of EtOH 
produced as all hybrids produced the most EtOH (ANUE) at 67 kg ha -1 but 
there was no significant increase in STEY with fertilizer rates higher than 67 
kg N ha-1. 
iv. The marginal economic value mirrored the ANUE. When no N fertilizer was 
applied, stover EtOH mean economic value for maize was approximately 
$1800 and ranged from $1,900 to $6,000 for sorghum hybrids/lines. When N 
was applied, all hybrids/lines experienced positive marginal gain only at 67 kg 
N ha-1, which ranged from $20 for the Grn-S to $1,700 for PhotoS. 
v. Across all hybrids, the net energy, which is the difference between energy 
produced from stover EtOH and energy input from N fertilizer, was greater 
when N fertilizer was applied than when no fertilizer was added (10,7313 MJ 
kg ha-1) and was greatest at 67 kg N ha-1 (13,2640 MJ ha-1). 
Biomass yields were the main driver for EtOH production due to the relatively high 
conversion and efficiency factors for each carbohydrate pool as suggested by NREL’s 
State of Technology report. It is necessary to conduct further analyses that account for the 
potential for stover components (such as lignin and free sugars) to impact the ease of 
convertibility and other factors of the bioconversion process from biomass to EtOH. 
Further, more economic and energy oriented research is needed to attain a more holistic 








Finally, it is particularly important to evaluate the environmental impact of N fertilizer on 
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Hybrid / Line (Abbrev.) Characteristics and Description 
Populations Harvest Dates               
ACRE08 PPAC08 ACRE10 ACRE08 PPAC08 ACRE10 
  -------1000 Plant ha-1------- -----------m-day----------- 
AgriGold A6585RR (Maize) Commercial Grain Maize Hybrid 73.5 74.3 80.2 9-17 9-22 10-19 
Crosbyton A747 x  R50 (Grn-S) Commercial Grain Sorghum Hybrid 171.5 186.1 225.0 9-30 9-22 10-19 
PR915A x BMR27 (BMR-S) Forage Sorghum Hybrid w/ the bmr trait  139.7 86.6 200.1 10-16 10-14 10-19 
PU216A x P90344 (DualP-S) 
Novel, Dual-Purpose (grain and forage) 
Sorghum Hybrid 
73.6 37.6 135.6 10-21 10-23 10-27 
Sugar Drip (Sweet-S) Commercial Sweet Sorghum Line 190.1 135.5 215.7 10-17 10-14 10-19 
Is7777 (PhotoS-S) Exotic Photoperiod-Sensitive Sorghum Line 172.2 178.7 163.6 10-21 10-23 10-27 
 † Site-years were Agronomy Center for Research and Educat ion in 2008 and 2010 (ACRE08 and ACRE10, respectively) and Pinney Purdue Agricultural 


















Table 3-2 ANOVA results showing effects of N fertilizer rate (N), site-year (S-Yr), and hybrid / line (H/L) on ethanol (EtOH) yield 
from grain, stover and stover constituents, and total aboveground biomass. Stover constituents included sugar, starch, total 
nonstructural carbohydrates (TNC; sum of sugar and starch), cellulose, hemicellulose (hemicell), total fiber (TF; sum of cellulose and 




Stover EtOH Abovegrd. 
EtOH 
Grain EtOH 
Ratio Sugar Starch TNC Cellulose Hemicell. TF Total 
df 176 212 212 212 212 212 212 212 212 176 
N *** ** *** *** *** *** *** *** *** *** 
S-Yr *** *** *** *** NS *** NS NS ** *** 
N x S-Yr ** NS ** NS NS 0.06 NS NS 0.09 NS 
H/L *** *** *** *** *** *** *** *** *** *** 
N x H/L *** *** *** *** ** NS * ** NS *** 
S-Yr x H/L *** *** *** *** *** *** *** *** *** *** 
N x S-Yr x H/L * NS *** NS NS NS NS NS NS NS 
*, **, *** indicate significance at P≤0.05, P≤0.01, and P≤0.001, respectively. NS indicates non-significant effects. For significance at 














Table 3-3. Stover ethanol (EtOH) yields (STEY) derived from total nonstructural carbohydrates (TNC, sum of sugars and starches) and total 
















H / L 
Mean† 
 kg ha-1 --------------------------------------------L EtOH ha
-1------------------------------------ 
STEY-TNC 0 329C 208C 559C 909BC 2153A,b 1583AB,b 957b 
67 373CD 246D 485CD 990C 3264A,a 2149B,ab 1251a 
135 285C 306C 594C 747C 3442A,a 2050B,ab 1238a 
202 263B 260B 558B 758B 2934A,a 2427A,a 1200a 
N Mean‡  313DE 255E 549D 851C 2948A 2052B  
         
STEY-TF 0 2599B 2907B 3244B 3570B 4217B 8077A,b 4102b 
67 3677C 3077C 3978BC 4462BC 5632B 10326A,a 5192a 
135 3647BC 3173C 3830BC 3940BC 5421B 10352A,a 5060a 
202 3644B 3476B 4087B 4412B 5097B 11528A,a 5374a 
N Mean 3392CD 3158D 3785CD 4096C 5091B 10071A  
†Within columns and STEY carbohydrate source means, accompanied by different lowercase letters are significantly different (P≤0.05)  ‡Within 
rows, means followed by different uppercase letters are significantly different (P≤ 0.05). Boldface letters compare H / L grand means averaged over 



























H / L 
Mean† 
 kg ha-1    ---------------------------------kg N ha-1------------------------------------ 
Stover  0 36B 46B,b 44B,b 49B 61B,b 156A,c 64d 
67 57B 59B,ab 62B,ab 64B 100B,ab 199A,bc 90c 
135 66C 78BC,ab 79BC,ab 66C 126B,a 228A,ab 107b 
202 77C 105BC,a 101BC,a 80C 139B,a 277A,a 130a 
N Mean‡  59C 72C 72C 65C 107B 215A  
         
Above-
ground  
0 72B,c 106B,c 85B,c 83B,b 84B,b 156A,c 98d 
67 131B,b 146AB,bc 144B,b 139B,ab 136B,a 199A,bc 149c 
135 183AB,ab 109AB,ab 201AB,a 160B,a 175AB,a 228A,b 189b 
202 203B,a 230AB,a 224AB,a 181B,a 188B,a 277A,a 217a 
N Mean 147BCD 168B 164BC 141D 145CD 215A  
† Within columns and tissue portion, means accompanied by different lowercase letters are significantly different (P≤ 0.05).  
‡ Within rows, means followed by different uppercase letters are significantly different (P≤ 0.05). Boldface letters compare H / L grand 
means averaged over N rates within tissue portion.^Dual-purpose and photoperiod sensitive sorghums abbreviated as DP and PS 
Sorghums, respectively. 
Table 3-4  Nitrogen (N) accumulation in stover and total aboveground biomass (sum of grain and stover). Data shown are for hybrid / 










Table 3-5. (a) Average N economic input and (b) gross economic output from theoretical stover ethanol produced by maize and 
sorghum hybrids/lines. Means and standard deviations (SD)¥ of stover theoretical ethanol yield (STEY) economic values for 
incremental N application rates of N from 67 kg ha -1 to 202 kg ha-1 are shown in b.  
a) Economic Input for 28% UAN    
 ------N Application Rate (kg ha
-1
)-------    
 0 67 135 202    
Urea Fertilizer Application Rate (kg ha -1) 0 239 482 721    
Cost of N :  $0.41 urea kg-1; $1.46 N kg-1 $ -       $ 98       $ 197     $ 295    
b)  Gross Economic Output of  Stover Ethanol at $2.37 gal; $0.62/L 
 ------N Application Rate (kg ha
-1
)------  




Maize  $ 1,818 $ 2,514 $ 2,426 $ 2,426 $ 2,446 ± 51 
Grain Sorghum  $ 1,945 $ 2,063 $ 2,160 $ 2,320 $ 2,181 ± 130 
Low Lignin Sorghum  $ 2,361 $ 2,771 $ 2,777 $ 2,884 $ 2,811 ± 64 
Dual-purpose Sorghum  $ 2,781 $ 3,384 $ 2,910 $ 3,286 $ 3,193 ± 250 
Sweet Sorghum $ 3,955 $ 5,523 $ 5,502 $ 4,986 $5,337 ± 304 
Photoperiod Sensitive Sorghum $ 5,997 $ 7,746 $ 7,700 $ 8,665 $8,037 ± 544 
Hybrid/Line Mean $ 3,143 $ 4,000 $ 3,913 $ 4,094 $4,002 ± 91 
Nitrogen costs are calculated based on the USDA-AMS 2011-2014 average cost of 28% UAN at $0.41 kg -1 and the ethanol values are 
calculated based on the USDA-AMS 2011-2014 average cost of crude ethanol at $0.62 L-1. ¥N means ± SD did not include returns from 










Table 3-6. a) Total stover ethanol (EtOH) value gained after nitrogen (N) was applied and the N costs 
were accounted for.  b) Marginal EtOH value gained before N costs were accounted for. c) Marginal 
EtOH value gained after N costs were accounted for. 
a) Stover Ethanol Total Gross Value Gained (over 0 N kg ha-1)§ 
 ------N Application Rate (kg ha 
-1)------ 
 0 67 135 202 
Hybrid/Line ---------------------- $ ha
-1
---------------------- 
Maize  $ 1,818 $    599 $    411 $   313 
Grain Sorghum  $ 1,945 $      20 $      18 $     80 
Low Lignin Sorghum  $ 2,361 $    312 $    219 $   228 
Dual-purpose Sorghum  $ 2,781 $    506  $     -68 $    210 
Sweet Sorghum $ 3,955 $ 1,471 $ 1,351 $    737 
Photoperiod Sensitive Sorghum $ 5,997 $ 1,651 $ 1,506 $ 2,373 
b) Gross Marginal Increase of Stover Ethanol† 
 ------N Application Rate (kg ha 
-1)------ 
 0 67 135 202 
Hybrid/Line ---------------------- $ ha
-1
---------------------- 
 Maize  $ 1,818 $     697 $     -88 $      -0 
Grain Sorghum  $ 1,945 $     118 $      97 $    159 
Low Lignin Sorghum  $ 2,361 $     410 $        6 $    107 
Dual-purpose Sorghum  $ 2,781 $     604  $   -475 $    375 
Sweet Sorghum $ 3,955 $  1,568  $     -21 $  -516 
Photoperiod Sensitive Sorghum $ 5,997 $  1,749     $     -45 $   964 
c) Net Stover Ethanol Marginal Value Gained (accounting N fertilizer cost)‡                                                                            
 ------N Application Rate (kg ha 
-1)------ 
 0 67 135 202 
Hybrid/Line ---------------------- $ ha
-1
---------------------- 
Maize  $ 1,818 $    599 $     -285 $    -295 
Grain Sorghum  $ 1,945 $      20 $     -100 $    -135 
Low Lignin Sorghum  $ 2,361 $    312 $     -191 $    -187 
Dual-purpose Sorghum  $ 2,781 $    506 $     -671 $       81 
Sweet Sorghum $ 3,955 $ 1,471 $     -218 $   -811 
Photoperiod Sensitive Sorghum $ 5,997 $ 1,651 $     -242 $    669 
§Calculated by subtracting the value returned when 0 N kg ha-1 was applied from the value at each 
application rate. 
† Calculated by subtracting the value returned at each application rate from the value returned by the 
subsequent N application rate. 
‡Calculated the same as B, but included the cost of N applied. 








Table 3-7. a)  Average N energy input and (b) net energy output for maize and sorghum hybrids/lines at different N application rates. 
Mean and Standard deviation (SD) of energy output from stover theoretical ethanol yield (STEY). 
a) Energy Input of N from 28% in Urea 
 ------N Application Rate (kg ha 
-1)------    
 0 67 135 202    
Urea Fertilizer Application Rate (kg ha -1) 0 239 482 721    
Energy Requirement – 59 MJ N kg-1  0 3953 7965 11918    
b) Net Energy Output from Stover EtOH  (at 21 MJ kg N-1_   
 ------N Application Rate (kg ha 
-1)------    
 0 67 135 202 N Mean ± SD¥ 
Hybrid/Lines ------------------MJ ha
-1
--------------------    
Maize  62074 81905 74876 70915 72442 ± 8272 
Grain Sorghum  66411 66488 65793 67285 66494 ± 612 
Low Lignin Sorghum  80619 90659 86852 86554 86171 ± 4146 
Dual-purpose Sorghum  94962 111619 91402 100266 99562 ± 8824 
Sweet Sorghum 135037 184634 179915 158339 164481 ± 22723 
Photoperiod Sensitive Sorghum 204778 260533 254973 283937 251055 ± 33306 
Hybrid/Line Mean 107313 132640 125365 123368 123368 ± 12981 
ᵻStandard deviation of stover theoretical ethanol yield (STEY) energy values from 67 kg N ha -1 to 202 kg N ha-1. Nitrogen embodied 









Figure 3-1. Stover ethanol yield (A) total aboveground ethanol yield (B) and grain fraction of ethanol (C) for 
each hybrid/line (H/L) shown as a function of fertilizer N rate. Data are averaged over the three experimental 
site-years. Table insets present H/L and N rate main-effect means. Means within columns accompanied by the 
same letter are not significantly different (P>0.05). Sorghum hybrids/lines (-S) as noted in legend, listed below 
maize from the top: grain, brown-mid rib (BMR), dual-purpose (DualP), sweet and photoperiod sensitive 











Figure 3-2. Means and standard errors of stover theoretical ethanol yield (STEY) for all hybrid/lines averaged 
over N rates for the three experimental site-years. Within a hybrid/line, statistical differences in STEY due to 
site-year are represented by different upper case letters. Sorghum hybrids/lines (S) listed from left to right: 









Figure 3-3. Means and standard errors of agronomic nitrogen use efficiency (ANUE) averaged across all three 
site-years. NUE was calculated by subtracting stover ethanol yield (STEY) at the unfertilized N rate from the 
STEY at the fertilized rate. Statistical differences among hybrids/lines were P≤0.001 for each hybrid / line 
(H/L) shown as a function of N fertilizer increment. Each increment of fertilizer was 67 kg N ha-1. Sorghum 
hybrids/lines (-S) as noted in legend, listed below maize from the top: grain (Grn), brown-mid rib (BMR), 









Figure 3-4. Stover theoretical ethanol yield from stover shown as a function of total nitrogen content in the 
stover (A), and as a function of the total N in the aboveground biomass (B), and total theoretical ethanol yield 
shown as a function of the total N content in the aboveground biomass (C). Data points are for all hybrid/line, 









CHAPTER 4. SYSTEM LEVEL PRODUCTIVITY AND NITROGEN DYNAMICS OF 
SORGHUM AND CORN FOR POTENTIAL BIOFUEL PRODUCTION  
4.1 Abstract  
The residues of annual grain crops including corn (Zea mays L.) and sorghum 
(Sorghum bicolor M.) are a potential source of lignocellulosic bioenergy in the US Corn 
Belt. As grain production systems shift to incorporate stover removal as a primary output, 
conventional crop rotations such as corn-to-soybean (Glycine max L.) could be replaced 
by continuous crop systems. The impacts of such changes on field-scale nitrogen (N) 
balances, specifically N losses, are uncertain. This study was conducted to compare the 
agronomic productivity and edge-of-field N loss of continuous corn and sorghum 
bioenergy systems with grain-only conventional systems for the humid Midwest by 
evaluating yields, N in harvested tissue, and N loss in subsurface tile drainage flow. 
Aboveground biomass yield, grain yield, and N concentration were measured over a 5 
year span (2009-2013) for two systems dedicated to bioenergy (continuous corn and 
continuous sorghum both with residue removed), and two grain-only systems (continuous 
corn, and both phases of the corn-soybean rotation). Subsurface drainage flow, N 
concentration and thus load loss were also monitored using in-ground lysimeters within 
each treatment plot. Residue-removal systems removed the greatest amounts of N in 








respectively.  These bioenergy systems maintained average aboveground biomass yields 
of around 13-14 Mg ha-1 over the 5 year study period, with no evidence to suggest future 
decreases in productivity. No negative impact on subsurface drain water by dedicated 
bioenergy systems was identified in this study period. Further, during years of water 
stress (2011, 2012), sorghum biomass yield and N removed via plant tissue were 
significantly higher than all other systems. The corn-soybean cropping systems had 
annual nitrate concentrations in the subsurface drainage water of up to 11 mg NO3-N L-1, 
significantly greater than the 6 mg NO3-N L-1 observed in sorghum. The soybean phase of 
the rotations had numerically higher mean nitrate loads than the other systems and 
seemed to be the major contributor to N losses in the corn-soybean systems. The corn 
phase of these rotated systems had relatively similar N concentrations and content in the 
grain to continuous corn system. Our results exhibit that the bioenergy residue removed 
systems could potentially mitigate the quantities of N leached in corn-based cropping 
systems in the US.   
4.2 Introduction 
In recent years, growing concern surrounding energy security in the United States has 
raised interest in agricultural bioenergy production (Jensen et al., 2011; Propheter and 
Staggenborg, 2010). Agricultural biofuel feedstocks have the potential to be readily 
available, environmentally sustainable and are anticipated to aid in mitigating effects of 
climate change (Cai et al., 2013; Manatt et al., 2013). The Midwest US Corn Belt has 
become a focal point for exploration of agricultural feedstocks.   The region is highly 
productive and provides the most agricultural residue in the US, reflecting ample rainfall 








systems, both continuous and in rotation with soybean (Glycine max L.), have dominated 
the agricultural landscape of the US Midwest. Based on the 1:1 grain-to-residue ratio 
(U.S- DOE, 2011; Wilhelm et al., 2004), corn offers high potential for providing grain 
and lignocellulosic bioethanol feedstock.  However, the environmental effects of 
transitioning to aboveground biomass removal as an energy feedstock from grain-only 
production systems are poorly understood.  
The conventional corn production in the Midwest has been identified as a major 
contributor to nitrate (NO3-N) loading in the Mississippi River and the resulting hypoxic 
zone in the Gulf of Mexico (Burkart and James, 1999; David et al., 2010; US-EPA, 
2007). Soils in most of the rainfed regions of the Midwest are characterized as poorly 
drained and are amended with subsurface drainage tiles to prevent water logging 
(Kladivko et al., 2004). These tile lines act as a direct conduit for movement of nonpoint 
source contaminants to surface waters, as tile drainage water carries with it nutrients, 
pesticides, and other water-soluble components (Kladivko et al., 1991; Randall and 
Iragavarapu, 1995). Use of significant quantities of N fertilizer is recommended for 
optimal corn yields, which often leads to edge-of-field nitrate losses (Delgado, 2002). In 
continuous corn systems, N fertilizer recommendations can exceed 150 kg N ha -1 (Vitosh 
et al., 1995).   
The state’s N fertilizer recommendations are less (by 35 kg N ha-1) when corn is 
grown in rotation with soybean (Vitosh et al., 1995), although the net credit from soybean 
that results in N rate reduction in a corn-soybean system is uncertain  (Bergerou et al., 
2004). This uncertainty is because the quantity of N that the soybean crop can contribute 








by the species of rotational crops. For example, Bundy et al. (1993) found that N-credits 
from soybean to corn can range from -22 to 210 kg N ha-1, while Varvel and Wilhelm 
(2003) had reported a more moderate soybean credit to subsequent corn production (65 
kg N ha-1). Varvel and Wilhelm (2003) also reported an N credit (85 kg N ha-1) that was 
higher to subsequent sorghum (Sorghum bicolor [L] Moench.) production, showing that 
N credit also varies with species. The differences demonstrate an ambiguity, which could 
suggest that the soil N contribution from soybean could be higher than the recommended 
fertilizer rate reduction. Therefore, it is possible that the biologically fixed-N from 
soybean production may also contribute to degraded subsurface drainage water quality at 
unidentified rates (Bakhsh et al., 2002). 
 Although it is not widely grown in the Midwestern US, sorghum may offer an 
important alternative for the production of grain and cellulosic biomass material in this 
region (Rooney et al., 2007; Varvel and Wilhelm, 2003). In recent studies conducted in 
the eastern Corn Belt, sorghum following soybean exhibited high productivity when no 
fertilizer was applied and required only 67 kg N ha-1 to optimize yields in fields where 
corn required ≥ 135 kg ha-1 (Chapter 1; Rivera-Burgos 2015). Sorghum has proven to be 
a competitive crop, not only due to its high nitrogen use efficiency (NUE), but also due to 
its drought tolerance (Rooney et al., 2007).  Sorghum grain has highly comparable 
bioethanol conversion efficiencies and is capable of higher production yields than corn 
under water-limited conditions (Propheter and Staggenborg, 2010). The combination of 
these crop attributes may enable sorghum to mitigate surface water N pollution of large-








Because high stover production accompanies grain in these existing systems,  
annual crops are preferred candidates for the transition into commercial lignocellulosic 
ethanol production in the Corn Belt (Dweikat et al., 2012). Use of annual crops provides 
low economic risk in comparison to suggested feedstock alternatives such as perennial 
grasses, as annual crops are more consistently produced and available (Dweikat et al., 
2012; Sanderson and Adler, 2008). When compared to converting land to perennial grass 
production, initial capital requirements for harvesting residues from annual crops are low 
for farmers already producing grain (Bransby et al., 2010). Markets exist for the grain, 
existing equipment can be used, and the timeframe for investment return is negligible in 
contrast to the two-to-three year establishment period required for perennial grasses 
(Sanderson and Adler, 2008).  However, removing some or all of the abundant corn and 
sorghum residue for lignocellulosic ethanol production may negatively impact the 
environment (Blanco-Canqui et al., 2006), and deliberation is ongoing regarding 
environmentally acceptable removal levels (Andrews, 2006). Research has consistently 
demonstrated that crop residues are environmentally beneficial when left on the field as 
they improve various aspects of soil fertility inclusive of soil physical characteristics, soil 
carbon (C) levels, soil micro and macro bio-organisms, soil water and subsurface water 
regulation and quality (Cruse and Herndl, 2009; Karlen et al., 2011). Some research 
suggests that sustainability may still be achieved when residue removal rates are carefully 
considered at sites that apply soil and water conservation practices  (Andrews, 2006; 
Nelson et al., 2004). These include implementing reduced or no tillage (Brechbill et al., 
2011),  and adjusting other factors that affect rainfall and wind-induced soil erosion 








Current N recommendations for corn in the Midwest Corn Belt have generally been 
designed for grain-only systems where residues are left on the soil surface or 
incorporated into the soil after harvest (Vitosh et al., 1995). Residues contain significant 
quantities of N and converting from returned residue to residue removal will impact N 
cycling in the soil and may alter N lost in subsurface water (Dinnes et al., 2002; Smith et 
al., 2013). There has been an assumption that fertilizer rates will need to be increased in 
order to compensate for removal of N in the stover  (Brechbill et al., 2011). Indeed, 
where corn is grown for silage, recommendations call for increasing N application by 
approximately 20 kg ha-1 (Roth and Heinrichs, 1995). However, recent results suggest N 
requirement may go down when residues are removed. Sindelar et al., (2015) found that 
the agronomic efficiency based on grain yield was greater with residue removal than in 
residue retained under no-tilled and strip-tilled management. Further, they reported that 
there was no effect on total aboveground dry matter yields when the residue was 
removed. In addition, soil organic matter fractionation studies provide mechanistic 
support for reducing fertilizer rate with residue removal. Kirkby et al., (2011) found that 
there is a required stoichiometric ratio between N and C in the soil organic matter for 
residue decomposition to occur at a steady state.  The authors argue that where low 
amounts of residue is returned, less N is required to maintain this ideal C:N ratio (Kirkby 
et al., 2011).  
In sum, once lignocellulosic markets are available, there may be a rapid conversion 
from grain-only production systems to cropping systems for biomass feedstock 
production. Therefore, comprehensive research and experimentation of  bioenergy 








impacts of the residue removal rates associated with bioethanol feedstock production 
(Blanco-Canqui and Lal, 2009), to evaluate these impacts among different cropping 
systems (Cruse and Herndl, 2009) and to grasp the impact of modifying an entire 
production system (Cruse and Herndl, 2009; Thomas et al., 2011). 
The main objective of this research was to evaluate the differences of corn and 
sorghum biomass feedstock agroecosystems in comparison to conventional corn and 
corn-soybean grain systems as they relate to simple field N budgets, with a focus on N 
loss to artificial tile drains. In this study, the application of N fertilizer (pre-plant urea-
ammonium nitrate (UAN) and starter fertilizer) and N fixation were the two major 
sources of N input. The N in the plant tissue that remained on the plots after harvest as 
well as the soil N were also considered factors in the performance of each system. The 
edge-of-field N loss from the systems in this study include the N loads in the subsurface 
drainage water, and the N in the harvested plant tissue.   
 Specific objectives were to: 
i. Compare the productivity of continuous sorghum and corn systems 
with tillage and no-tillage, respectively, and with maximum residue removal, to 
that of conventional, grain-only systems including tilled continuous corn and corn-
soybean rotational systems; and 
ii.  Characterize system-level impacts on N dynamics including N 








4.3 Materials and Methods 
4.3.1 Site Description 
This study was conducted from 2009 to 2013 at the Water Quality Field Station 
(WQFS), a long-term cropping systems experiment and Purdue University Core Research 
Facility located at the Agronomy Center for Research and Education, West Lafayette, IN 
(4029’55”N; 8653”W at 215m elevation). The soils at the WQFS are a Drummer silty 
clay loam (fine-silty, mixed, superactive, mesic Typic Endoaquolls) and a Raub silt loam 
(fine-silty, mixed, superactive, mesic Aquic Argiudolls) with slopes <2%. Mean rainfall 
over a 30 year span (1985-2014) for annual and seasonal (May – October) precipitation 
were approximately 985 mm and 573 mm, respectively (Figure 4-1; Indiana State 
Climate Office, 2014), and mean annual and seasonal temperatures during that same 
period were 11C and 19C, respectively (Figure 4-2; Indiana State Climate Office, 
2014).  
4.3.2 Experimental Design and Soil Management 
The WQFS is laid out in a randomized complete-block design with 12 cropping 
systems/treatments and four replicates (blocks). Five of the 12 available 
systems/treatments were analyzed in this study including: 1) no tillage, continuous corn 
(CC) with complete (>90 %) removal of aboveground residues (grain and stover) for 
bioenergy production (CC-RR); 2) tilled, continuous dual-purpose (forage, grain) 
sorghum with complete removal of residues for bioenergy (SGM-RR); 3) tilled, 
continuous corn with grain harvest only  under conventional management (CC-C), and 4 
and 5) tilled, corn-soybean (CS) rotation system. In order to examine both crops in the 








CS-rotation one (R1) plots were planted to corn in 2009, 2011, 2013 and to soybean in 
2010 and 2012, while the SC-rotation two (R2) plots were planted to soybean 2009, 
2011, and 2013 and to corn 2010, 2012. Nitrogen fertilizer was knifed in as 28% pre-
plant urea-ammonium nitrate (UAN). For all CC systems and SGM-RR, N was applied at 
180 kg N ha-1, while for CS-R1 and SC-R2 N was applied to the corn at 157 kg N ha-1; no 
N fertilizer was applied to soybean. The selected N rates are the recommended pre-plant 
rates for CC-C and CS (Vitosh et al., 1995). Starter fertilizer (19% [w/w] N and 17% 
[w/w] P) was applied to all corn plots at seeding at 93.5 L ha -1 (10 gal/acre; 18 kg N ha-1 
and 16 kg P ha-1). Starter was not applied to SGM-RR following practices common to the 
Purdue University Sorghum Breeding Program; thus CC-RR received 10% more total N-
fertilizer than SGM-RR. Tillage operations for SGM-RR CC-C, CS-R1 and SC-R2 
included fall chisel plowing, except for 2009 and 2010 when extremely wet conditions in 
autumn precluded the practice. All tilled treatments were disked in spring prior to 
planting. 
In May 2012, phosphorous (P) and potassium (K) were broadcast across all 
treatments at 95 kg P ha-1 and 168 kg K ha-1 using a Gandy airflow spreader (The Gandy 
Company, Owatonna, Minnesota). Composite (9 cores) soil samples were collected from 
0-20 cm in the fall of 2009, 2010, and 2013. Routine soil fertility testing by a commercial 
laboratory (A&L Great Lakes,, Fort Wayne, IN) confirmed nutrients other than N were 
non-limiting according to regional recommendations (Vitosh et al., 1995).  In 2009, soil 
samples from 0-10 and 10-20 cm were separately collected, air dried for approximately 2 
weeks,  ground to pass a 2-mm screen and analyzed for total N and C concentrations 








Scientific, The Netherlands) following the method stated by Nelson and Sommers (1996).  
Across all treatment plots, the soil organic matter was >4.5%. Tabulated soil quality and 
fertility parameters for the first and last years of the study are found in Table 4-1. 
4.3.3 Plant Management, Sampling and Analyses 
Corn, soybean, and sorghum were planted the last week of May to the first week of 
June for all years except 2012 in which they were planted weeks earlier (April 25th, May 
4th, May 22nd for the three crop species, respectively). The seeding rate for corn was 
84,757 seeds ha-1 for all years except 2010, which was seeded at 79,074 seeds ha -1. 
Soybean seeding rates were 447,260 and 444,789 seeds ha-1 for 2009-10 and 2011-13, 
respectively, and sorghum seeding rates were 247,105 seeds ha -1 for all years. Corn 
hybrids were B6733 (2009), B5435HXR (2010), Beck’s 5716 (2011), Beck’s 5552 
(2012), and A4GFR (2013). Soybean cultivars were B365 (2009), BR325 (2010), and 
Pioneer P93Y5 (2011-13). From 2009 to 2011, sorghum hybrid PU216A x P90344 was 
used. This is a dual-purpose sorghum with high grain and stover yields developed in the 
Purdue University sorghum breeding program. However, due to limited seed availability 
in 2012 and 2013, Great Scott BMR (Scott Seed Company, 2013), a commercially 
available brown mid-rib, dual-purpose sorghum, was planted. This silage hybrid is 
shorter and has more leaves that most sorghum varieties (Scott Seed Company, 2013). 
4.3.3.1 Residue Removed Systems – Aboveground Biomass Harvest 
At harvest, the total aboveground biomass (integrated grain and stover) of the 
bioenergy feedstock systems, CC-RR and SGM-RR, was collected with a Cibus S 








Lake City, UT). Biomass was harvested after the first frost, which occurred between the 
last week of October (2009-2012) and the second week in November (2013). Harvesting 
of biomass systems was synchronized with the harvesting of the perennial biomass 
feedstocks at the WQFS (perennial cropping system data not reported here). Biomass was 
collected from the center two rows of a plot, weighed, and dried at 60°C to a constant 
weight. Dry weight per unit land area was calculated. All grain, stover and integrated 
samples are reported at 0% water content. Subsamples were initially ground to pass a 
6-mm screen (Wiley mill, Thomas Scientific, Swedesboro, NJ), re-ground to pass a 1-mm 
screen using a cyclone sample mill (Udy Corp., Fort Collins, CO), and analyzed for total 
N and C concentrations using a flash combustion elemental analyzer (Flash EA 1112 
Series, Thermo Fisher Scientific, The Netherlands; Nelson and Sommers, 1996). 
4.3.3.2 Conventional Grain Systems – Grain Harvest  
After physiological maturity, corn and soybean grain samples from the conventional 
systems (CC-C, CS-R1, and SC-R2) were collected with a 6-row combine from the inner 
6 (of 12) rows in each corn plot, and the inner 9.1 m in each soybean plot. The grain was 
weighed in a Parker weighing wagon (John Deere 9400 Combine, John Deere, 
Champaign, IL); a subsample from each plot was collected from the weigh wagon, tested 
for moisture using a Dickey John GAC® 3000 meter (Dickey John Corp., Aurora, IL), 
and analyzed for grain protein and quality using near-infrared spectrometry (Infratec 
1229 NIRS, Dresden, Germany).  Grain samples were then oven dried at 60°C for 3 to 4 
days, weighed, ground, and stored. The grain N concentration was assessed in two ways.  








standard protein-to-N conversion factors for corn (6.25) and soybean (5.71) (Jones, 
1931). Subsequently, samples were sent to A&L Great Lakes Laboratories and analyzed 
for total N content by flash combustion. The grain N concentrations estimated from corn 
protein content were confirmed by paired t-tests and there was no difference found 
between protein-estimated N concentrations and the A&L reported N concentrations for 
corn grain.  Protein-estimated N values in soybean grain were minimally (3%), but 
significantly, higher than direct measurements (Appendix C). Reported grain N data in 
this study were derived from protein analyses.  
4.3.3.3 Conventional Grain Systems – Stover Assessment 
For the corn phase of the conventional cropping systems (CC-C, CS-R1, and SC-
R2), corn stover samples (n=10 plants per plot) were collected at maturity from the inner 
four rows of each plot before the combine harvest. Ten stalks were hand-cut just above 
the soil surface. Samples were weighed and then dried as described above. Ears were 
separated, air dried for 3 to 4 days and shelled using a hand-sheller (McCormick Deering, 
International Harvester, Rock Island, IL). Grain was stored and further analyzed for grain 
N via the near infrared reflectance spectrometry. Stover was weighed, ground, and 
analyzed for tissue N and C concentrations as described above for total aboveground 
biomass (above). Plant populations were recorded in the mid-summer of each year, (at 
V6 - the 6th leaf stage for corn and at R5 - beginning seed for soybean). For soybean, 
plant populations were estimated by counting the number of plants within a 1-m diameter 
ring randomly placed at three locations within a plot. Corn and sorghum populations were 








treatment plot. Study populations averaged 74,363 ± 1,000 and 374,140 ± 25,000 plants 
ha-1 for corn and soybean, respectively. All grain, stover and integrated samples are 
reported at 0% water content. 
4.3.4 Drainage Lysimeters and Water Sample Collection and Analyses 
In order to permit collection of all water leached from a known, hydrologically 
isolated area of the soil, each WQFS treatment plot (10.8 x 48 m; 518 m2) contains a 
large, in-ground drainage lysimeter, constructed as a bottomless clay box (10.8 x 24.4m) 
centrally located in the plot. Running lengthwise down each plot are a pair (collection 
and companion) of plastic agricultural tile drains (0.1 m diameter) buried at 0.9 m. The 
collection tile drain is perforated only for the length of the drainage lysimeter and is 
unperforated as is passes through the plot area outside of the lysimeter. The companion 
tile is immediately adjacent to the collection tile and is not perforated within the drainage 
lysimeter but is perforated outside of the lysimeter. Collectively, the paired tiles maintain 
similar soil moisture status throughout a treatment plot and simulate a 10 m tile drain 
spacing. All companion tiles discharge to a surface ditch while the collection tiles drain 
to instrumentation huts where calibrated tipping buckets quantify drainflow volumes for 
each plot lysimeter. Detailed descriptions of the lysimeters, tile lines, huts and other 
infrastructure, can be found in (Hernandez-Ramirez et al., (2011a); Ruark, (2006); Ruark 
et al., (2009);  and Trybula, (2012). 
In this study, tipping bucket counts were recorded hourly using a CR10 Data logger 
(Campbell Scientific, Logan, UT). Counts were multiplied by the calibrated volume of 
the tipping bucket to calculate hourly drain flow volume. Flow-proportional drainage 








tipping bucket. On days when drainflow occurred, subsamples were manually retrieved at 
approximately 1200 hrs. Collected subsamples were frozen until analyzed. Water samples 
were filtered (Whatman #2, ~8 μm, Maidstone, UK) and analyzed for NO3-N 
concentrations. The analysis was conducted using automated colorimetric analysis 
according to EPA approved methods for NO3-N (EPA-114-A Rev.6), using an AQ2 
Discrete SEAL Analyzer (SEAL Analytical, Southampton, Hampshire, United 
Kingdom). Drainflow was monitored on an hourly basis via tips, and then converted to a 
daily cumulative volume. Nitrate loads were calculated as the product of daily drainflow 
and daily NO3-N concentrations. 
4.3.4.1 Missing Data Estimation and Data Calculations 
Both hourly flow volume data and/or daily NO3-N concentration samples were 
occasionally lost. Common reasons for loss included excessive rainfall and short-term 
flooding of the instrumentation huts and sensor or other equipment failure. In 2010 to 
2013, missing drainflow data ranged from a few hours to several days per year. In 2009, 
no flow data were collected after the 190th day of the year due to equipment retrofitting.  
A series of C shell scripts were coded in a Linux environment to convert tip counts to 
drainflow volume, to flag missing hourly data, and to aggregate hourly flow data into 
daily flow values, (Trybula, 2012). For 2012-13, automated data processing was carried 
out by Purdue University's Computational Research Infrastructure for Science using a 
modified version of the original code that had been converted to Python. Additionally, 
code was created in MATLAB (Mathworks, Natick, MA) to identify when two or fewer 








the two most recent time points (Trybula, 2012).  Code was also written to cumulatively 
calculate daily volume from hourly records.  The percentage of days that had a complete 
daily cumulative volume, after missing data was interpolated, is shown in Table 4-2. 
Further assessment is required to understand the extent of missing values and their impact 
on drain flow characterizations, which was beyond the scope of this study. 
Estimation of missing daily NO3-N concentration to pair with a daily flow volume for 
the NO3-N load calculation followed basic “if – then” rules. If drainage (flow) occurred 
(i.e. flow >0.01 L day-1) but the daily NO3-N concentration was missing, the recorded 
daily NO3-N concentration from up to 2 days before or after  a missing value (whichever 
record was temporally closest to the missing value) was used. When a missing value was 
an equivalent number of days from last and next recorded values, the mean of those 
concentrations immediately prior to and following the data gap was used as the daily 
NO3-N concentration for the corresponding day. There were <1%  negative daily NO3-N 
values, which reflected values at detection limits of the instrumentation and were treated 
as missing data. There were also very few days where concentration data was collected 
but no corresponding drainflow was measured (<1%). These concentrations were not 
used to calculate load if the concentration data could not be confidently paired with the 
closest daily drainflow value.  
The NO3-N load (mg plot-1) was calculated as the product of daily flow volume 
(hourly drainflows aggregated from noon to noon) and daily NO3-N concentration. Total 
annual flow and total annual load were determined by summing the total flow and total 
load that occurred in each year per tile. Each year consisted of 365 days from January 01 








measured daily NO3-N concentrations from each tile within each year (only the missing 
value estimates were excluded in this mean). An annual, flow-weighted NO3-N 
concentration was calculated for each tile/treatment plot by dividing the annual load by 
the annual drainflow volume. Beginning in 2010, a cumulative flow and NO3-N loss for 
the 2009 to 2013 study period was calculated as the sum of the total annual flow and load 
in a given year with that of all previous year(s). 
4.3.4.2 Tile Function and Variation 
Univariate descriptive statistics were calculated (across all years (1825 days)) for 
each tile drain/plot for daily drainflow (L day-1 plot-1), NO3-N concentration (mg L-1 day-1 
plot-1) and NO3-N load, (mg day-1 plot-1) using Minitab 17 (Minitab Inc. College Park, 
Pennsylvania). The univariate statistics were conducted to characterize the tile-to-tile 
variation within each system, to identify and confirm possible tile failure and to 
subsequently omit nonfunctioning tiles from data analysis.  
Over the 5-year study period, the number of days with measurable drainflow (≥ 0.01L 
day-1 plot -1) ranged from 2% to 24% of the 1825 possible days (Table 4-2). With the 
exception of SC-R2, each treatment had 1 of 4 replicates with < 91 days of drainflow (< 
5% of the 1825 study-days). Although these tiles were not directly assessed with scopes, 
analysis of drainage records from years predating this experiment (1997 – 2008) and 
other field logs suggest these tiles had collapsed or otherwise failed (Trybula, 2012).  
Tiles that recorded less than 90 days of flow also had a low number of days with 
collectable NO3-N samples (Table 4-2) and there were occasions where there was no 








these tiles had many fewer days of calculated NO3-N load in the subsurface drainage 
water (Table 4-3). The malfunctioning tile lines, all from different locations and 
replicates of the experimental site (replicate 2, 3, 4 and 2 from systems CC-RR, SGM-
RR, CC-C, and CS-R1, respectively) were omitted from further analyses of annual 
drainflow and load. The SC-R2 had all four tiles recording at least 171 days of flow ≥ 
0.01L day-1 plot -1 over the 5 year period and thus all four replicates were used in all 
analyses. For tiles considered to be functional throughout this experiment, drainflow 
averaged 353 ± 45 L day-1 plot-1 to 1,308 ± 121 L day-1 plot-1 (n=3 or n=4) (Table 4-3a) 
on days with measurable flow. Of the 1825 days in the study, the functional tiles had 
between 70 and 384 days of calculated NO3-N load in the subsurface water (Table 4-3c). 
Mean daily subsurface drainage nitrate concentrations from all individual tiles ranged 
from 5.2 to 11.1 mg L-1 day-1  (Table 4-3b) and mean NO3-N loads of the functioning 
tiles, ranged from 3.84 to 12.98 mg NO3-N day-1 plot-1 (Table 4-3c). 
4.3.5 Statistical Analyses 
Analysis of variance (ANOVA) and Tukey-Kramer HSD paired testing were used to 
determine effects of cropping system on system parameters within each year and the 
interaction effects of the year by cropping systems. The ANOVAs were conducted using 
SAS PROC MIXED (SAS, 2004) with a Tukey-Kramer post-hoc analysis and grouping 
performed using SAS PD MIX800 (Saxton, 1998). The main factors were year and 
cropping system in the mixed effect model where replication was the random factor and 
year and cropping system were fixed factors. The model used F tests for linear function 
evaluation (Mead et al., 2002). The parameters assessed were annual mean subsurface 








total aboveground at 0% water content), plant tissue N concentrations and content, 5-year 
cumulative subsurface drainage and NO3-N load, and 5-year cumulative N content 
removed in plant tissue. Regression analyses were performed with SAS PROC REG 
(SAS, 2004) to obtain flux versus flow relationships. The annual NO3-N load was 
regressed against annual subsurface drainage flow across all tile lines/treatments, and for 
each system in order to determine the overall flux-flow relationship, and the flux-flow 
relationship within cropping systems. Annual NO3-N load and annual subsurface 
drainage flow were log-transformed and were fit using a linear regression model to 
produce the simple expression:  
Load = aFlowb         (eqn. 4.1) 
Where “a” represents the intercept and “b” represents the slope or linear regression 
coefficient. The linear regression coefficient (b) was tested to determine if it was 
significantly different from one (Ho: b=1) and if slopes of all systems were significantly 
different from each other. Slope values less than, greater than, and equal to one indicate 
solute concentrations decreasing with, increasing with, and unaffected by increasing 
drainflow volume, respectively. All tests were conducted within SAS PROC REG. 
Comparisons of slope and intercept among each system was conducted by calling the 
parallel and same intercept functions within SAS PROC REG and post hoc pair-wise 
comparisons of slopes and intercepts among treatments were also statistically compared 










4.4.1 Subsurface Drainage Flow 
4.4.1.1 Flow and Precipitation Effects 
Yearly subsurface drainflows in functioning tiles were not significantly different 
among replicates or among cropping systems within years and across the 5-year 
experiment (Table 4-4). As previously mentioned, tile-to-tile variation was pronounced 
(Table 4-3 a-c). When averaged across all treatment plots, drainflow was significantly 
different among years (Table 4-4) and was associated with marked differences in annual 
precipitation. Drainflow in 2011 was almost twice that of 2010 and 2013 and almost four-
fold higher than 2012 drainflow. Mean precipitation in 2011 was approximately 1300 
mm, which was substantially higher than all the other years of the study and also higher 
than the 30 year average (987 mm) (Figure 4-1). In 2012, a low yearly precipitation 
(~800 mm), coupled with a higher mean annual temperature (Figure 4-2) reflects what 
was widely considered a drought year in the Midwestern US (USDA, 2012). In 2011, 
mean drainflow of all systems was approximately 17% of the total rainfall recorded for 
that year while, for the 2012 drought year, the total mean drainflow only reflected about 
7% of the total rainfall. For all other years, the total drainflow ranged from 9-12% of the 
total rainfall. These values do not include snowmelt. 
Although not significant, some interesting trends were observed among cropping 
systems. The CC-RR generally trended towards lower annual drainflows, and recorded 
the numerically lowest drainflow in most years, including the drought year (28 mm), 








4). Further, the soybean phase of the corn-soy rotations (CS-R1 and SC-R2) had among 
the highest drainflows within each year, except for the 2012 drought year. 
4.4.2 Nitrate-N in Subsurface Drainage Flow 
4.4.2.1 Concentration and Flow Weighted Concentration 
Across all years, the measured, mean daily and flow-weighted, mean annual NO3-N 
concentrations in subsurface drainage were significantly different among cropping 
systems. Within years, both biomass bioenergy  systems (CC-RR and SGM-RR) tended 
to have lower mean daily NO3-N concentrations, especially when compared to the corn 
phases of the rotational systems (Table 4-5a). These differences were not significant 
within years but, when assessed across all years, daily NO3-N of CC-RR and SGM-RR 
(6.03 and 6.55 mg L-1, respectively) were significantly lower than concentrations for CS-
R1 (11.32 mg L-1).  The CC-C and SC-R2 were not significantly different from any other 
cropping systems. Although the treatment trends were similar for flow-weighted 
concentrations, only SGM-RR had significantly lower flow-weighted NO3-N 
concentration when compared to CS-R1; CC-RR was not significantly different from 
other treatments (Table 4-5b). The difference between NO3-N and flow-weighted NO3-N 
reflects the consistent but non-significant trend (within and across years) toward lower 
annual drainflows from CC-RR plots (Table 4-4).  It is noteworthy that the corn-soybean 
rotations (CS-R1 and CS-R2) recorded the highest numerical mean daily NO3-N 
concentrations in the subsurface drainage water across all experimental years, and, within 
those rotation systems, the corn phase generally maintained the highest numerical NO3-N 








for flow-weighted NO3-N concentrations for the first three years of the study. In contrast, 
sorghum maintained consistently low values of both mean daily and annual flow-
weighted NO3-N concentrations within each year and year-to-year variation was low. For 
example, SGM-RR mean annual flow-weighted concentrations ranged from 4.3 to 6.2 mg 
NO3-N L-1 year-1 while both CC-RR and CC-C ranged from approximately 3.5 to > 11.5 
mg NO3-N L-1 year-1 (Table 4-5b). In general, NO3-N concentration varied significantly 
among study years with highest and lowest values observed in 2013 and 2011, 
respectively (P>0.05).  
4.4.2.2 Load (Loss) and Drainflow-Flux Relationship 
As with drainflow, there was no significant impact of cropping system on the NO3-N 
load in the subsurface drainage water although in the highest rainfall year (2011) a 
treatment effect at P=0.08 was observed (Table 4-6). Across all study years, the mean 
annual NO3-N load of all five cropping systems ranged from 5.6±0.6 to 10.1±1.8 kg NO3-
N ha-1 year-1. The corn-soybean rotation systems (CS-R1 and SC-R2) were on the higher 
end of that range, with means between the two systems only differing by 0.3 kg NO3-N 
ha-1 year-1.  The annual means across all study years for the non-rotated / continuous 
systems (CC-C, CC-RR, and SGM-RR) were within 1 kg NO3-N ha-1 year-1 of each other 
and numerically ≤ 65% of the corn-soybean rotations. When systems were averaged per 
year and compared across years, 2011 recorded significantly higher mean annual nitrate 
loads than 2012 (P=0.05). When systems were analyzed for cumulative load losses, 
systems remained similar (not significantly different) to each other reflecting the 








end of five years (in 2013), the corn-soybean rotation systems had mean cumulative NO3-
N loads that were within 2.7 kg ha-1 of each other and averaged 57 kg ha-1. Likewise, all 
three continuous systems had cumulative means that were within 2.9 kg NO3-N ha-1 of 
each other but with a numerical mean of only 30 kg ha-1 (Table 4-6). Within the 
experimental period, the numerical gap between the cumulative mean NO3-N loads from 
the corn-soybean rotation systems (CS-R1 and SC-R2) and the continuous systems (CC-
C, CC-RR, SGM-RR) increased with each successive year (Figure 4-3). However, due to 
high variation within each system, there was no significant difference found among the 
annual means of the systems. When the cumulative means of all years were assessed, SC-
R2 (the system with three soybean years during the study period) was significantly higher 
than all continuous systems (P>0.01) 
Among all 20 treatment plots for all 5 years, mean annual NO3-N loads in drainage 
had a strong, positive relationship with annual drainflows, where NO3-N load was 
determined to be a linear function of flow when log transformed (R2=0.7) (Figure 4-4). 
The slope (b=0.9) was not significantly different than 1. This indicates that there was no 
significant decrease in concentration with increased flow volume. The slopes for all 
systems ranged from 0.65 (CC-C) to 1.15 (CS-R1) kg of NO3-N ha-1 mm-1 drainflow. All 
systems responded in a similar way to the overall regression (P=0.31), except for the 
high slope from CS-R1 and low slope from CC-C, which were the only significantly 
different slopes. This indicates that there is less of a load increase per log unit increase of 
flow for continuous corn with grain only removal (CC-C) compared to the rotated corn 
with grain only removal with more years of corn (CS-R1). However, the inverse was true 








Generally, with a lower intercept there was a steeper slope among the systems (Figure 4-
4; table insert).  
4.4.3 End of Season Plant Tissue N 
4.4.3.1 Yield of Harvested Plant Tissue 
As expected, the bioenergy residue-removed systems (CC-RR and SGM-RR) had 
almost two-fold removal of biomass yield when compared to the conventional grain 
systems (all comparisons at 0% moisture content; Table 4-7). Across all study years, the 
total aboveground biomass removed from CC-RR and SGM-RR averaged 13.7 Mg ha-1, 
while grain-only systems (CC-C, CS-R1 and SC-R2) averaged <7 Mg ha-1 (Table 4-7). 
Of the conventional grain systems, the corn yields of the CS-R1, SC-R2 were not 
statistically different from those of CC-C. The soybean grain yields were two-to-three 
times lower than the corn grain yields, resulting in a statistically lower mean in SC-R2 (3 
yr of soybean) when compared to CS-R1 (2 yr of soybean).  Comparing the annual means 
of all treatments, 2012 had significantly lower yields than all other years, followed by 
2011. All corn systems experienced their lowest yield in 2012, and their second lowest 
yields in 2011. This reflects the drought in 2012 and the very wet year of 2011 (Figure 4-
1). Unlike the corn systems, yields of SGM-RR did not decrease markedly in wet or dry 
years when compared to SGM-RR yields in other years. However, it is important to note 
that the SGM-RR system was planted to a characteristically different hybrid in 2012 and 
2013. In these two latter years of the study, in which the shorter statured BMR silage 








(15.6 Mg ha-1). Sorghum recorded its numerically lowest yield in 2013, yet the yield was 
not significantly lower than for CC-RR in the same year.  
4.4.3.2 Nitrogen Concentration and Content in Harvested Plant Tissue 
Within each year and across all years, there were cropping system differences in 
tissue N concentration and total N content in the biomass removed at harvest. The 
soybean phase of the corn-soybean rotations maintained mean grain N concentrations 
between 60.3 ± 0.3 to 64.1 ± 0.2 g N kg-1 in the grain, which was up to six-fold higher 
than the corn grain N concentrations (Table 4-8). The mean grain N concentrations in 
CC-C were statistically similar to corn in CS-R1 and SC-R2 and ranged from 10.2 ± 0.2 
to 13.4 ± 0.3 g N kg-1 among all systems and years. Thus, among systems, the 5-yr mean 
N concentrations in harvested tissues were highest in SC-R2 (three years of soybean 
production) and lowest in the integrated grain-stover biomass of CC-RR and SGM-RR, 
which averaged 10.4 and 10.7 g kg-1, respectively. 
Five-year mean N removals averaged 135 and 147 kg ha-1 for CC-RR and SGM-RR, 
respectively (Table 4-9); these quantities were not statistically different from each other. 
The corn-soybean rotational systems averaged 125 kg N ha-1 yr-1 removed in the grain, an 
amount significantly greater than that removed in SGM-RR but not than that removed in 
CC-RR. Mean annual N removal was lowest in the continuous corn grain-only system 
(80.2 kg ha-1). Likewise, the cumulative quantities of N removed in successive years were 
fairly similar among rotational and bioenergy systems with 5-yr cumulative totals ranging 








cumulative N removed by CC-RR was lower than in all other treatments (400 kg ha-1; 
Figure 4-5, Table 4-9). 
When comparing the individual systems amongst the five years, the CC-C had 
significantly lower total N removed via the plant tissue in 2011 and 2012 compared to the 
other years (Table 4-9). In contrast, the SGM-RR had considerably greater amounts of N 
removed via the aboveground biomass in those years (2011-12). Generally, sorghum 
removed more N in these relatively wet and dry years than in the other years of average 
precipitation. Conventional corn systems (CC-C, CS-R1, and SC-R2) removed more N in 
2013, the year after the drought, than any other year.  In the drought year of 2012, the 
SGM-RR had relatively high N concentration in the harvested biomass (Table 4-8) while 
recording the highest total harvested yield among the five systems in that year (Table 4-7) 
resulting in N removal of 189 kg ha-1. The SGM-RR systems had approximately 236 kg 
N ha-1 removed in 2012. For the CC-C, the total mean grain N content for 2009-12 
ranged from 54 to 65 kg N ha-1, but in 2013, total N content was about 130 kg ha-1. The 
corn phase of the corn-soybean rotation systems showed a similar occurrence, as the N 
content ranged from roughly 75 to 95 kg N ha-1 from the corn grain in 2009-12, but, in 
2013, roughly 122 kg N ha-1 was removed via corn grain in the rotation systems. 
The N concentration and content of the corn stover that remained on the treatment 
plots after grain harvest of the conventional systems were only reported for 2009 and 
2010 (Table 4-10). As found in the grain analyses, stover N concentrations (remaining 
residue) of both systems were similar within each year and across both 2009 and 2010 
(Table 4-10 and Table 4-8). The N content returned to soil via corn stover across all years 








grain (Table 4-9) were summed for these years, total aboveground N at harvest were 134 
and 163 kg N ha-1 for CC-C and CS-R1/SC-R2, respectively (2-yr mean), and similar to 
the 152 kg N ha-1 removed in the CC-RR treatment (2009-10 mean; Table 4-9). These 
results for the grain-only systems do not include N content of the cobs.  
4.4.4 Soil Nitrogen Concentration 
The N concentration in the soil of each system was only analyzed for three of the five 
years in the study (2009, 2010 and 2013) (Table 4-11). Due to sparse data collection, no 
robust statistical analysis was conducted on the soil N concentrations. The mean soil N 
concentrations for the three sampled years ranged from 1.95 ± 0.06 g N kg-1 to 2.23 ± 
0.06 g N kg-1 soil. No remarkable patterns across years or treatments were noted. 
4.5 Discussion 
As was typical with previous years in this region, the Midwest US, our ANOVA 
results showed high variability in subsurface drainage flow across tiles and years (Dinnes 
et al., 2002; Hernandez-Ramirez et al., 2011a; Ruark et al., 2009). In the previous studies 
conducted on this experimental site, no significant differences were found in drainflow 
across the systems studied ( inclusive of continuous corn, corn-soybean rotations and 
restored native prairie) (Hernandez-Ramirez et al., 2011a; Ruark et al., 2009). Mean 
nitrate (NO3-N) concentrations in the subsurface drainage water over the five years 
ranged from 6.0 to 11.3 mg NO3-N L-1. While the variation in drainflow and NO3-N 
concentration in this study were similar to previous work, NO3-N loads in our study were 
found to be lower than the previous years. As expected this variation in annual drainflow 
directly followed variation in annual precipitation (Dinnes et al., 2002; Lawlor et al., 








flow analysis conducted in this study exhibit the strong relationship between annual 
drainflow and annual load (Fig 4-4).   
Analysis of our results in the context of existing literature also indicate that 
conventional grain only systems (CC-C, CS-R1 and SC-R2) exhibited productivity and 
field-scale N dynamics that were typical of the region. Average yields for corn and 
soybean grain in this study were within the average yields reported for the US Midwest 
during the years of this study  (Beslemes et al., 2013; Propheter and Staggenborg, 2010; 
USDA-NASS, 2015). Further the grain yields were within range of previous studies on 
the experimental site (Hernandez-Ramirez et al., 2011a; Ruark et al., 2009). The N 
concentrations in the grain and stover reported for these grain-only-conventional systems 
(CC-C, CS-R1, and CS-R2) were also similar to these previous, associated studies 
(Hernandez-Ramirez et al., 2011a; Ruark et al., 2009). 
The residue removal systems (CC-RR and SGM-RR), which had additional extraction 
of N in the harvested plant material via the stover, did not reveal any yield decreases. 
These result suggest that the need to increase the rate of N fertilizer applied to residue-
removed systems in order to adjust for N exported in the residue may not be necessary, as 
has been assumed in other studies (Birrell et al., 2014; Brechbill et al., 2011; Wilhelm et 
al., 2004) . The average yield for corn and sorghum aboveground biomass was similar to 
yields reported in a parallel study conducted in 2008 and 2010 (Chapter 2). Generally, 
based on harvest index for corn and sorghum from the parallel study (0.41 and 0.43, 
respectively), the grain yields of the residue removal treatments were also in accordance 
with the region’s yield for the years of the study. There was no evidence of yields 








different time periods (13-yrs, 4-yrs and 1-yr studies) where residue removal might not 
result in decreased yields after each time period (Blanco-Canqui and Lal, 2009; Coulter 
and Nafziger, 2008; Karlen et al., 2011). Further, another more recent study goes on to 
suggest that stover removal could be even more agronomically beneficial over a short 
period as grain yields increased with stover removal in moderate to high yielding 
continuous corn (Sindelar et al., 2013). These authors argue this point as their results 
exhibit that a lower rate of N fertilizer is required to economically optimize continuous 
corn grain yields.  
In addition to yield decrease, the common indicators of N deficiency, such as 
decrease in total aboveground N content or soil N, (Blanco-Canqui and Lal, 2009; 
Blanco-Canqui et al., 2006; Wilhelm et al., 2004) were not exhibited in the systems 
studied. The average N concentrations in the aboveground biomass in the residue 
removal systems in our study were similar to those in the adjacent study (Chapter 2). In 
2010, both studies reported aboveground N concentrations that were within ~1 g N kg-1 
for both corn and sorghum. Both systems maintained N concentrations and content in the 
aboveground biomass that were typical of when residue was returned (Hernandez-
Ramirez et al., 2011b; Saffigna et al., 1989).  The N concentrations and net N contents in 
the harvested tissues in the residue removal systems (CC-RR and SGM-RR) did not show 
any decrease over the years, but also did not differ with the N contents in the grain of the 
conventional systems. 
Not only were plant yields and N content in residue-removed systems similar across 
years and to other grain-only systems, but our results also imply that it may not be 








Wilhelm et al., (2004), with reports that an increased level of N fertilization is needed to 
replace edge-of-field N losses. Several other reports specific to this region also present 
this conclusion as accepted knowledge (Brechbill et al., 2011; Gramig et al., 2013). 
However, in our research soil N concentrations for corn and sorghum, though sparsely 
measured, were not significantly different across years and were relatively stable among 
systems (Table 4-11). Across all systems and years, the soil N concentrations ranged 
between 1.85 g N kg-1 and 2.42 g N kg-1, which fell within the ranges reported by other 
studies in this region  (Karlen et al., 2011; Orr, 2012; Saffigna et al., 1989). Further, 
Hernandez-Ramirez et al. (2011b) demonstrated that soil N content was unaffected by 
large differences in N inputs from various systems on the experimental site used in our 
study.  
An associated soil microbial study conducted on the WQFS treatments used in this 
experiment support our observation of lack of impact from residue removal on soil 
microbial activity or soil health (Orr et al., 2015). Specifically, Orr, (2012) and Orr et al., 
(2015) reported that  there were no differences in total soil N, N mineralization rates and 
urease enzyme activity among all the systems between 2008 and 2010. Moreover, reports 
that seem to contradict our findings, due to the differences in soil N, were confounded 
with other factors in their experiments. Therefore, the authors did not conclusively state 
that residue removal was the only reason for soil N content differences among systems. 
These other factors include, for example, the source of added nutrients as reported in by 
Al-Kaisi et al. (2005) in their three and seven year studies; and by Andraski and 








previous studies include slope, topography and weather (Al-Kaisi et al., 2005; Blanco-
Canqui and Lal, 2009 and references within; Blanco-Canqui et al., 2006). 
It should be noted that our studies were conducted in a zero erosion area. Thus, the 
potential for loss and decreased sustainability via soil erosion is not present. It has been 
previously highlighted that residue coverage plays a critical role in sustainability of soil 
health, especially with effects by tillage (Coulter and Nafziger, 2008). However, the 
authors concluded that the retaining residue was most impactful as protection against soil 
erosion. Therefore, based on our short 5-year study with no erosion impacts, it is 
probable that the concerns with the removal of plant residue within continuous systems 
may lie less with the near-term N uptake and more with long-term soil health and a high 
potential of soil erosion as suggested in an earlier review (Wilhelm et al., 2004).  
Although an N rate factorial study could not be accommodated at this experimental 
site (the WQFS), recent and related studies suggest that N rates used for all systems could 
be lower (Propheter et al., 2010), and with  residue removal systems could require even 
lower N fertilization than other systems without impacting productivity. In a related 
study, the agronomic optimum N rate for total biomass yield for corn following soybean 
was reported at 135 kg N ha-1. This rate was lower than the N fertilizer rate used for 
comparative corn-soybean systems in this study (157 kg N ha-1).  Recent studies have 
demonstrated that removing corn stover would lower the N rate needed to economically 
optimize corn yields and, further, the grain yields could be increased with stover removal 
at the economically optimum N rate (Coulter and Nafziger, 2008; Sindelar et al., 2013). If 








as expected (Propheter et al., 2010), then the leaching potential may decrease for all 
systems (Dinnes et al., 2002).  
From numerous previous studies, sorghum has exhibited the potential to thrive under 
relatively low N fertilizer rates, and may require even lower N fertilization rates than 
suggested for corn systems (Fageria and Baligar, 2005). In a sorghum study related to 
ours, optimum biomass yields were obtained at relatively low (67 kg N ha -1) N fertilizer 
rate (Rivera-Burgos, 2015). Although these yields were achieved subsequent to a year of 
soybean production, the results still provide evidence that a lower N rate can be applied 
to the SGM-RR systems than was applied in this study and applied for corn. Moreover, 
other studies have confirmed that sorghum can and will efficiently use the soil N reserves 
(Barbanti et al., 2006; Zougmoré et al., 2004). This is supported by our findings that 
reveal that sorghum removed a higher percentage of the N applied (82%) than the residue 
removed corn (CC-RR; 68%) and the conventional systems (40-55%). It should be noted 
that these results are confounded with higher N rates applied to both continuous corn 
systems and lower N rates applied to the corn-soybean rotation systems.  In addition to 
lower optimum N rates compared to other systems, the SGM-RR system also had high 
biomass yields and plant N content in the exceptionally wet and dry years. With an 
expected increase in precipitation intensity and duration (Pryor et al., 2014), sorghum 
may prove to be slightly advantageous with  yields and water quality for bioenergy 
production in the humid Midwest, US (Dahlberg et al., 2011). 
Finally, our results highlight the contributions of soybean to the edge-of-of-field N 
losses and suggests a primary focus on N rates to corn and sorghum in rotation systems 








rates should consider both soybean N credit and N fertilizer rate to alleviate N 
contribution to subsurface drainage and increase environmental sustainability. The study 
did account for the soybean N credit and reduced N fertilizer rates by ~35 kg N ha -1 in 
accordance with recommendations for this area (Vitosh et al., 1995). The soybean N 
credit was not directly and precisely quantified in this study, and as such, the adjustment 
made for the biological contribution of N to the soil could have been underestimated, 
which is a regular occurrence according to other reports and reviews (Bergerou et al., 
2004; Bundy et al., 1993; Dinnes et al., 2002).  
In addition to the biologically fixed N by soybean, the carbon returned to the soil by 
soybean residue will also influence the soil N. Soybean returns less carbon (C) to the soil 
than corn from their residue. This may possibly narrow the C:N ratio for the corn phase 
of the corn-soybean rotation, which may in turn, require less N to mineralize the C and N 
in residues via microbial breakdown (Hernandez-Ramirez et al., 2011b, 2009; Kirkby et 
al., 2011). Soybean also has a faster decomposition rate and with the lower C:N ratio 
soybean immobilizes N at a more rapid rate during decomposition (Broder and Wagner, 
1988; Green and Blackmer, 1995). Similar to our study, previous research on this 
experimental site revealed that there was higher concentration of N in the surface soils in 
the years subsequent to soybean production. This higher soil N following soybean could 
result in higher susceptibility to leaching.  
Our results revealed that the rotated systems (CS-R1 and CS-R2) had a cumulative 
subsurface drainage N load of up to 20 kg N ha-1 higher than all continuous systems over 
the 5-year period (Figure 4-3; Table 4-6). The contribution of soybean-fixed N to higher 








of our experiment, yet subsurface NO3-N loads were not lower (statistically similar) for 
the soybean-rotated systems with the non-rotated systems. The CS-R1, which had three 
years in the corn-phase of our 5-year study, had considerably higher (≥2 mg NO3-N L-1) 
mean annual NO3-N concentrations and flow-weighted concentrations in the subsurface 
drainflow than the CC-C (Table 4-5). Also SC-R2, with 3 of the 5 years in soybean 
production cumulatively received approximately 225 kg N ha-1 less N fertilizer than the 
CC-C over the course of the 5 years, yet the SC-R2 had a significantly higher cumulative 
NO3-N load by ~ 20 kg N ha-1 (Table 4-6; Figure 4-3). Further, the N loss was greater in 
the plant tissue of the rotated systems by >200 kg N ha-1 in the grain (Table 4-9).  
Our results also show that the CS-R1 had a steeper slope than CC-C when NO3-N 
load was regressed against subsurface drainflow on a log basis. This demonstrates that 
the load (mg NO3-N ha-1 yr-1) was higher for CS-R1 than CC-C with each increase in 
liters of flow (Figure 4-4).  At high flow rates, both rotation systems had high NO3-N 
load with high subsurface drainflow. While we recognize that corn-soybean rotation 
systems behaved differently than the continuous systems, these results are based on an 
annual basis. It is difficult to interpret these annual relationships, but analysis of daily 
data will inform what these relationships mean. The increased NO3-N load in the CS-R1 
may be a result of carry over effects from high soil residual N after the corn growing 
season, before the soybean demands N as hypothesized by previous research with similar 
findings (Dinnes et al., 2002; Hernandez-Ramirez et al., 2011a; Kladivko et al., 2004). 
The contribution of biologically fixed N may explain the increasing gap in NO3-N loads 









Along with corn, sorghum has also demonstrated benefits from subsequent 
production after a leguminous crop (Beslemes et al., 2013; Varvel and Wilhelm, 2003; 
Wilhelm et al., 2004). However, the N credited from biological fixation varies with corn 
and soybean and also with the legume that is being used as the N source crop. It is 
therefore important to gain understanding of the effects that legumes can have on 
potential bioenergy feedstock crops. As previously implied, the timing of the release of 
N, based on microbial and physical factors might make a difference (Broder and Wagner, 
1988; Green and Blackmer, 1995). However, our research was not conducted on a 
seasonal or daily basis and as such changes in soil N, and thus N credit within the year 
were not assessed. Future research should investigate when the N is being released. This 
may determine if the N fertilizer rate is indeed too much or if the soybean is being 
decomposed at a rate more rapid than plants can take up. Understanding these time-
specific changes may inform better management, such as winter cover crops, that could 
alleviate high subsurface NO3-N loads.  
4.6 Conclusion 
Corn and sorghum residue removed bioenergy systems were compared to a 
continuous corn grain-only and two corn-soybean rotated grain-only systems in order to 
evaluate the differences in production and N dynamics among the systems. Subsurface 
drainflow for all systems were impacted by precipitation and changed annually, but 
drainflow did not differ among systems, mostly due to the high variability among tile 
lines. However, systems did differ with biomass yield, and subsurface nitrate 
concentrations. Subsurface NO3-N loads were not significantly different but distinct 








responses by each of the systems highlight matters of consideration for biomass feedstock 
production in the Midwestern US. i. Soybean rotated corn vs. Continuous corn and 
sorghum systems: The corn-soybean systems had higher N loads in the subsurface 
drainage water than the continuous systems. The soybean phase of rotations seemed to be 
the major driver of N removal from the systems. Our observations of greater cumulative 
N loads from tile drains under corn rotated with soybean systems, suggest that in the 
efforts to reduce edge-of-field N losses, a more accurate account of the soybean N credit 
may aid to properly curtail N fertilizer application for corn and sorghum bioenergy 
systems in the Midwestern US. This is of particular importance as limiting N fertilizer 
has been a primary mitigation strategy for hypoxia in the Gulf of Mexico (US-EPA, 
2007). Biomass - Residue removed vs. Conventional – Grain-only systems:  The 
bioenergy systems did not show any decrease in average biomass yields over the 5-years 
of the study in spite of the residue being removed. In the years of excess water and 
drought, sorghum maintained biomass yields and had lower subsurface NO3-N 
concentrations than the rotated systems. These results demonstrate that corn and sorghum 
residue removed systems have the potential to be sustainable bioenergy feedstocks grown 
in the US, Midwest, with little to no disadvantage to water quality when compared to 
annual, conventional corn-based systems. However, a comparison to other potential 
bioenergy systems like perennial grasses is needed to fully understand the benefits and/or 
tradeoffs of an annual system. With these differences in mind, a longer term study is 
needed to obtain a more accurate understanding of the long-term impact that the different 
cropping systems will have on the environment and with N dynamics. Also, a more 








drainflow and subsequently N dynamics needs to be conducted. This is especially 
important as precipitation varies greatly within a year and across years and is critical in 
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2009¶ O.M %  P,  mg kg-1 K,  mg kg-1 Mg,  mg kg-1 Ca,  mg kg-1 Soil pH CEC meq/100g¥ 
CC-RR 5.6 ± 0.3 34.0 ± 6.2 133.3 ± 10.7 866.0 ± 10.7 3672.8 ± 171.9 6.1 ± 0.2 30.4 ± 1.0 
SGM-RR 4.8 ± 0.2 40.8 ± 8.2 138.8 ± 7.3 888.5 ± 7.3 3680.5 ± 289.1 6.5 ± 0.2 29.4 ± 2.4 
CC-C 5.4 ± 0.4 42.0 ± 9.1 156.5 ± 10.6 821.3 ± 10.6 3679.5 ± 242.6 6.1 ± 0.1 29.2 ± 2.0 
CS-R1 5.0 ± 0.5 37.3 ± 8.4 138.0 ± 9.3 830.3 ± 9.3 3600.0 ± 206.0 6.4 ± 0.2 28.6 ± 2.0 
SC-R2 5.1 ± 0.4 29.8 ± 5.0 158.5 ± 10.0 946.3 ± 10.0 4047.3 ± 197.2 6.8 ± 0.3 30.5 ± 9.1 
2013₱                      
CC-RR 5.2 ± 0.5 24.0 ± 5.1 153.8 ± 6.1 848.3 ± 6.1 3550.3 ± 113.3 6.3 ± 0.1 29.1 ± 0.8 
SGM-RR 4.8 ± 0.1 23.8 ± 5.2 155.8 ± 12.1 814.5 ± 12.1 3419.3 ± 223.3 6.5 ± 0.2 26.8 ± 1.5 
CC-C 5.7 ± 0.4 30.3 ± 10.1 160.5 ± 5.9 754.8 ± 5.9 3396.3 ± 168.5 6.1 ± 0.2 27.9 ± 1.8 
CS-R1 4.7 ± 0.4 23.8 ±  6.4 137.5 ± 10.2 745.5 ± 10.2 3187.0 ± 245.2 6.5 ± 0.1 24.9 ± 2.1 
SC-R2 5.10 ± 0.5 22.0 ± 5.4 164.0 ± 7.9 840.3 ± 7.9 3582.8 ± 159.8 6.3 ± 0.2 29.0 ± 1.7 
¥CEC – Cation Exchange Capacity measured as milliequivalent per 100 grams of soil. *Samples were analyzed by A&L Great Lakes 
Laboratory. ¶2009 Samples were collected from 0-10 cm depth in April.; pH ranged from 5.7-7.2; ₱2013 Samples were collected from 0-20 cm 
in July;  pH ranged from 5.8-6.9;  ¥Means and standard error were  calculated from results of the four replicates in each treatment. 
 
 
Table 4-1. Soil test results for each cropping system for 2009 and 2013*. Cropping systems in this study were abbreviated as: CC- RR, 
continuous corn with residue removed and not tilled; SGM-RR, Sorghum with residue removed and tilled; CC-C, continuous corn with a 
conventional tilled system CS-R1, Corn-soybean rotation, where corn was planted in the first year of the study and treated in the same way as 










Table 4-2Annual daily record of tile subsurface drain flow data availability as the percentage of 
the number of days with record; i.e. percentage of days where data logger was functioning and a 







2009 2010 2011 2012 2013 
CC-RR 
12 52 85 90 100 87 
23 52 100 89 91 87 
30 40 83 90 100 48 
46 41 100 100 100 89 
SGM-RR 
6 42 95 100 100 87 
16 30 90 93 95 86 
29 40 0 90 100 65 
39 38 91 93 100 83 
CC-C 
3 42 95 100 100 87 
21 52 87 89 91 87 
31 21 100 100 100 100 
41 38 91 93 100 83 
CS-R1 
5 42 95 100 100 87 
13 0 100 93 95 86 
35 21 100 100 100 83 
40 38 91 93 100 83 
SC-R2 
8 46 85 90 100 87 
20 52 87 89 91 87 
27 40 83 90 100 65 
47 41 100 100 100 87 
‡ Cropping systems in this study were abbreviated as: CC-RR, continuous corn with residue 
removed and not tilled; SGM-RR, Sorghum with residue removed and not tilled;  CC-C, 
continuous corn with a conventional tilled system;CS-R1, Corn-soybean rotation, where corn was 
planted in the first year of the study and treated in the same way as corresponding treatment 7; SC-













Table 4-3a Univariate statistics of daily subsurface drainage flow (L day -1 plot-1) over all five years from each of the four tiles from each of the 
five systems (plot=264 m2). For Treatment 6 (CS-R1), soybean was produced in years 2010 and 2012; while for treatment 7 soybean was 
produced in years 2009, 2011, and 2013. All other years corn was produced in these treatments. Values analyzed represent days  where flow 
was greater than 0.0 L day -1. 
















Quartile Max Skewness Kurtosis 
     ----------------------------------L day-1 plot-1-----------------------------------   
CC-RR 3 180 1 186 847 101 1380 1 17 179 978 6701 2.2 4.3 
CC-RR 3 180 2 40 185 53 336 1 2 8 188 1415 2 3.9 
CC-RR 3 180 3 162 415 63 797 1 10 27.5 537.5 6064 3.6 18.2 
CC-RR 3 180 4 276 473 50 835 1 8 68 577 4326 2.3 5 
SGM-RR 5 180 1 96 780 113 1110 1 46 202 1340 5109 1.9 3.6 
SGM-RR 5 180 2 199 944 93 1316 1 56 341 1339 8175 2 5.2 
SGM-RR 5 180 3 80 527 107 954 1 7 89 727 5946 3.2 13.3 
SGM-RR 5 180 4 272 630 62 1029 1 14 134 776 4761 2 3.5 
CC-C 12 180 1 125 1267 139 1554 1 59 551 2186 9061 1.8 4.4 
CC-C 12 180 2 138 812 115 1350 1 9 89 1083 8878 2.6 9.5 
CC-C 12 180 3 180 794 81 1091 1 28 297 1143 4768 1.7 2.5 
CC-C 12 180 4 64 263 46 367 1 6 48 417 1426 1.5 1.5 
CS-R1 6 157 1 171 1308 121 1582 1 133 669 1913 9054 1.8 3.6 
CS-R1 6 157 2 34 350 120 700 2 10 34 288 2939 2.9 8 
CS-R1 6 157 3 195 353 45 624 1 9 39 415 3482 2.5 6.6 
CS-R1 6 157 4 155 620 79 983 1 27 120 986 7223 2.8 12.8 
SC-R2 7 157 1 171 460 69 897 1 12 54 565 4753 2.8 8.4 
SC-R2 7 157 2 185 875 142 1937 1 5 154 671 12002 3.7 15.4 
SC-R2 7 157 3 230 710 81 1232 1 14 166 809 7497 2.8 9.3 
SC-R2 7 157 4 432 924 60 1251 1 108 415 1214 7151 2 4.5 
Cropping systems in this study were abbreviated as: CC-RR, continuous corn with residue removed and not tilled; SGM-RR, Sorghum with 
residue removed and not tilled; CC-C, continuous corn with a conventional tilled system; CS-R1, Corn-soybean rotation, where corn was 
planted in the first year of the study and treated in the same way as corresponding treatment 7; SC-R2, corn-soybean rotation, soybean was 
planted in the first year of this study. C 
₱
 Treatment reference number; ┼ N fertilizer Application rate for each system; 
¥
Number of days with 
non-zero values analyzed over all five years. Subsurface drainage data for the shaded rows had at least one year where the tile was not included 









Table 4-3b. Univariate Statistics of daily subsurface nitrate concentration (mg NO3
-- L-1 day-1 plot-1) over all five years from each of the four tiles from each of the 
five systems(plot=264 m2). For Treatment 6 (CS-R1), soybean was produced in years 2010 and 2012; while for treatment 7 soybean was produced in 2009, 2011 























  ------------------------------- mg NO3-- L-1 day-1 plot-1--------------------------------------  
CC-RR 3 180 1 217 5.2 0.4 5.5 0.32 1.65 3.34 6.77 37.90 2.5 8.6  
CC-RR 3 180 2 13 5.6 0.5 1.7 2.37 4.67 53 6.93 8.02 -0.0 -0.3  
CC-RR 3 180 3 233 6.8 0.3 4.8 0.02 3.98 5.76 7.97 36.71 2 7.3  
CC-RR 3 180 4 246 7.9 0.4 6.6 0.20 4.03 6.04 9.48 48.63 2.9 12.2  
SGM-RR 5 180 1 123 6.4 0.4 4.3 1.31 4.35 5.77 7.06 321 2.9 11.8  
SGM-RR 5 180 2 295 4.4 0.3 5.5 0.09 1.38 2.41 4.40 296 2.5 6.2  
SGM-RR 5 180 3 15 9 1.7 6.4 3.78 4.86 5.59 148 21.60 1 -0.0  
SGM-RR 5 180 4 288 5.5 0.3 5.9 0.24 1.85 35 67 26.34 1.7 2  
CC-C 12 180 1 143 6.7 0.4 5.0 0.04 3.30 4.39 8.29 29.63 1.5 2.6  
CC-C 12 180 2 130 7.0 0.6 6.6 0.74 3.36 4.25 8.96 348 1.8 2.8  
CC-C 12 180 3 183 7.7 0.5 7 0.67 3.55 4.65 8.92 34.45 1.8 2.8  
CC-C 12 180 4 25 10.5 2.0 10.0 08 3.91 6.63 13.92 32.75 1.4 0.9  
CS-R1 6 157 1 208 8.5 0.4 5.8 16 5.36 7.23 9.64 51.30 3.7 19.8  
CS-R1 6 157 2 40 10.6 1.3 7.9 1.99 5.98 8.22 12.39 46.52 2.9 10.5  
CS-R1 6 157 3 170 18.2 7.9 103 0.90 7.08 8.68 11.33 1347.5 12.9 168.3  
CS-R1 6 157 4 185 8.8 0.5 6.7 0.08 4.53 6.83 10.31 41.66 2 5.5  
SC-R2 7 157 1 157 11 0.6 7.7 0.82 7.22 8.60 117 47.26 2.6 7.6  
SC-R2 7 157 2 92 8.8 0.7 7 1.58 5.74 6.56 8.06 44.73 3.3 12.0  
SC-R2 7 157 3 254 9 0.4 6.8 1.21 5.64 7.05 9.73 48.20 3 11.8  
SC-R2 7 157 4 462 5.4 0.2 4 0.06 3.82 4.65 5.60 35.03 4.6 26.3  
‡ Cropping systems in this study were abbreviated as: CC-RR, continuous corn with residue removed and not tilled; SGM-RR, Sorghum with residue removed and 
not tilled; CC-C, continuous corn with a conventional tilled system; CS-R1, Corn-soy bean rotation, where corn was planted in the first year of the study and 
treated in the same way as corresponding treatment 7; SC-R2, corn-soybean rotation, soybean was planted in the first year of this study. 
₱
 Treatment reference 
number; ┼ N fertilizer Application rate for each system; 
¥
Number of non-zero values analyzed over all five years. Subsurface drainage data for the shaded rows had 
at least one year where the tile was not included in the study due to t ile failure, evidenced by the low number of days of flow over all years or a lack of NO3-N 








Table 4-3c. Univariate Statistics of daily nitrate load in subsurface drainage (mg NO3-N day
-1 plot-1) over all five years from each of the four tiles from each 
of the five systems (plot=264 m2). For Treatment 6 (CS-R1), soybean was produced in years 2010 and 2012; while for treatment 7 soybean was produced in 
years 2009, 2011, and 2013. All other years corn was produced in these treatments. Subsurface drainage data for the shaded rows were not included in the 
remainder of the study due to evident tile failure evident by the low number of days of flow over all years. Values analyzed represent days where subsurface 
drainage flow was greater than 0.0 L day -1. 



















     ---------------------------------- mg NO3--N day-1 plot-1------------------------------------    
CC-RR 3 180 1 165 5180 767 9856 1 95 995 6273 90139 4.7 33.8  
CC-RR 3 180 2 8 1498 846 2393 6 19 520 2180 7009 2.2 4.9  
CC-RR 3 180 3 136 3836 647 7550 2 51 322 3525 42514 2.9 9.3  
CC-RR 3 180 4 216 4891 585 8603 3 114 672 6284 48610 2.6 7.5  
SGM-RR 5 180 1 82 4719 671 6076 3 365 1806 8043 24853 1.5 1.5  
SGM-RR 5 180 2 172 4341 607 7966 2 159 1038 6142 71254 4.5 30.4  
SGM-RR 5 180 3 11 4044 1990 6601 7 27 639 4901 20476 2 3.5  
SGM-RR 5 180 4 235 3921 634 9722 1 80 590 3190 84395 5 30.3  
CC-C 12 180 1 108 8991 1231 12797 1 760 3417 13361 67252 2.3 5.6  
CC-C 12 180 2 94 6823 1164 11281 5 98 1432 7944 54283 2.4 5.8  
CC-C 12 180 3 137 6859 1061 12421 3 271 2333 8169 109963 4.9 35  
CC-C 12 180 4 17 4215 2044 8428 3 234 1978 3945 35721 3.7 14.2  
CS-R1 6 157 1 180 12843 1763 22295 10 1156 6207 16571 224683 5.9 51.5  
CS-R1 6 157 2 18 5502 1732 7347 15 72 1758 12700 22682 1.2 0.2  
CS-R1 6 157 3 138 4452 603 7087 13 101 924 6268 45768 2.5 8.7  
CS-R1 6 157 4 138 5333 684 8032 1 151 875 8864 40273 2 4.2  
SC-R2 7 157 1 138 4920 736 8645 1 228 608 6153 41482 2.5 6  
SC-R2 7 157 2 70 12977 1849 15468 9 835 6781 21324 66586 1.5 2.2  
SC-R2 7 157 3 166 9019 1438 18523 6 244 2285 9486 131553 4 20.6  
SC-R2 7 157 4 384 5793 563 11028 0 562 2084 6542 133828 5.7 51.5  
‡ Cropping systems in this  study were abbreviated as: CC-RR, continuous corn with residue removed and not tilled; SGM-RR, Sorghum with residue 
removed and not tilled; CC-C, continuous corn with a conventional tilled system; CS-R1, Corn-soybean rotation, where corn was planted in the first year of 
the study and treated in the same way as corresponding treatment 7; SC-R2, corn-soybean rotation, soybean was planted in the first year of this study.  
₱
 
Treatment reference number; ┼ N fertilizer Application rate for each system; 
¥
Number of non-zero values analyzed over all five years. Subsurface drainage 
data for the shaded rows had at least one year where the tile was not included in the study due to tile failure, evidenced by the low number of days of flow 











Table 4-4. Means  ŋand standard error of total annual drainflow (mm water m-2 y-1 ) from subsurface drains in five 
years. Each year starts on January 1st and ends on December 31st. Cropping systems in this study are described in 
Table 4-1. Background shading indicates the soybean year in the rotational systems. 
Cropping Systems 
2009¥ 2010 2011 2012 2013 5 Yr Meanᵑ 
---------------------------------------- mm water m-2 y-1----------------------------------- 
CC-RR 90.6 ± 30  76.3 ± 6  157.4 ± 34  28.2 ± 11  70.3 ± 25  84.5 ± 13  
SGM-RR 146.0 ± 34  103.8 ± 33  172.1 ± 51  67.0 ± 5  81.8 ± 3  117.5 ± 15  
CC-C 90.7 ± 22  77.6 ± 10  218.2 ± 10  46.9 ± 6  84.4 ± 5  103.6 ± 14  
CS-R1 93.0 ± 42  92.3 ± 16  184.7 ± 60  47.0 ± 11  69.6 ± 32  97.3 ± 18  
SC-R2 236.3 ± 72  81.8 ± 28  251.3 ± 124  86.5 ± 31  125.8 ± 57  160.0 ± 34  
Mean 137.9 AB 86 B 200 A 54.3 B 88.8 B 115.0 
Std. Err 23 9 30 8 14 10 
Treatment Effect  
P> F 
0.13  0.99  0.59  0.95  0.89  0.17 
¥ Within columns means (years), with the different lower case letters are not significantly different  due to treatment 
according to Tukey-Kramer post-hoc test (α=0.05). Statistical differences due to years (mean row), where p≤0.05 is 
represented by different upper case letters. Treatment effect (p-value) for differences due to year is the value to the 
far right in the row of means.  
ᵑMeans and standard errors were calculated from the average of all tiles for each year where n=3 for all years and 
systems except SC-R2 where n=4 in 2009-11 and 2013; as corresponding with omitted tiles identified in Table 4-1.  










Table 4-5b Means  ŋand standard error of annual mean flow-weighted water NO3-N concentration
¶  from subsurface drains in five 
years. Each year starts on January 1st and ends on December 31st. Cropping systems in this study are described in Table 4-1. 
 2009 2010 2011 2012 2013 5 Yr Mean 
Cropping Systems‡ ---------------------------------------- mg NO3- L-1 ----------------------------------- 
CC-RR 12.8 ± 4.1  7.3 ± 1.4  4.4 ± 1.3  3.3 ± 0.5  10.1 ± 2.0  7.6 ± 1.2 ab 
SGM-RR 4.5 ± 0.5  5.0 ± 0.6  4.3 ± 0.6  6.11 ± 0.1  5.4 ± 1.5  5.0 ± 0.3 b 
CC-C 6.7 ± 0.6  5.3 ± 1.0  3.8 ± 0.4  9.3 ± 1.0  11.5 ± 0.3  7.0 ± 0.7 ab 
CS-R1 10.5 ± 1.0  9.3 ± 2.7  10.0 ±  0.7  6.9 ± 1.1   7.8 ±  0.4    9.0 ± 0.6 a 
SC-R2 6.7 ± 0.9  9.8 ± 1.1  5.0 ± 0.5  4.2 ± 0.8  10.7 ± 1.3  7.4 ± 0.7 
ab 
Mean 8.1 A 7.5 A 5.5 A 6.0 A 9.1 A 7.2 
Std. Err 4.4 3.3 2.6 2.6 3.3 0.4 
Treatment Effect  
P> F 
0.92  0.97  0.96  0.16  0.98  0.014 
¥ Within columns means (years), with the different lower case letters are not significantly different  due to treatment according 
to Tukey-Kramer post-hoc test (α=0.05). Statistical differences due to years (mean row), where p≤0.05 is represented by 
different upper case letters. Statistical differences due to years (mean row), where p≤0.05 is represented by different upper case 
letters. Treatment effect (p-value) for differences due to year is the value to the far right in the row of means. 
 ᵑMeans and standard errors were calculated from the average of all tiles for each year where n=3 for all years and systems 
except SC-R2 where n=4 in 2009-11 and 2013; as corresponding with omitted tiles identified in Table 4-1.  
£P> F: Probabilities  F-values for treatment effects for each year and over all years via Tukey-post ANOVA models. 
 2009 2010 2011 2012 2013 5 Yr Mean 
Cropping Systems‡ ---------------------------------------- mg NO3- L-1 ----------------------------------- 
CC-RR 6.98 ± 0.9  7.18 ± 1.1  5.73 ± 1.1  4.60 ± 1.0  8.26 ± 1.0  6.55 ± 0.5 b 
SGM-RR 4.54 ± 1.1  5.93 ± 0.2  4.97 ± 0.5  6.87 ± 0.6  7.84 ± 0.7  6.03 ± 0.4 b 
CC-C 6.09 ± 0.1  6.53 ± 0.5  4.32 ± 0.6  9.30 ± 0.2  13.50 ± 1.1  7.55 ± 0.8 ab 
CS-R1 21.34 ± 11.9  6.41 ± 0.5  11.31 ± 1.0  7.94 ± 1.7  8.75 ± 0.8  11.32 ± 2.6 a 
SC-R2 6.34 ± 0.7  12.91 ± 1.4  5.86 ± 0.6  9.78 ± 1.7  13.80 ± 2.4  9.74 ± 1.1 ab 
Mean 8.89 AB 8.11 AB 6.40 B 7.83 AB 10.57 A 8.30 
Std. Err 2.2 0.7 0.6 0.6 0.9 0.5 
Treatment Effect  
P> F 
0.06  0.32  0.82  0.80  0.13  0.03 
 
      
Table 4-5a. Meansᵑ and standard error of annual mean NO3-N concentration of water from subsurface drains in five years. 
Each year starts on January 1st and ends on December 31st. Cropping systems in this study are described in Table 4-1. Tiles 












 2009 2010     2011 2012 2013 5 Yr Mean 
5 Yr Cumulative 
Total* 
Cropping Systems‡   -----------------------------------------------kg NO3-N ha-1 y-1----------------------------------------- 
CC-RR 10.00 ± 2.4  5.74 ± 1.5  6.39 ± 1.5  0.82 ± 0.3  5.74 ± 1.7  5.74 ± 0.9  28.7 ± 3.9  
SGM-RR 6.46 ± 1.4  5.67 ± 2.4  6.57 ± 1.4  4.14 ± 0.2  4.47 ± 1.4  5.56 ± 0.6  31.6 ± 2.3  
CC-C 6.38 ± 2.0  4.29 ± 1.2  8.22 ± 0.9  4.52 ± 1.1  10.20 ± 0.3  6.47 ± 0.7  30.6 ± 4.4  
CS-R1 9.68 ± 4.3  9.58 ± 4.3  18.54 ± 6.4  3.08 ± 0.7  7.70 ± 3.0  9.86 ± 2.0  58.4 ± 21.7  
SC-R2 14.05 ± 3.1  7.67 ± 2.4  11.36 ± 4.7  3.00 ± 0.7  12.57 ± 5.7  10.08 ± 1.8  55.7 ± 10.6  
Mean 9.61 AB 6.66 AB 10.29 A 3.04 B 8.34 AB 7.69 41.2 
Std. Err 1.3 1.1 1.8 0.4 1.5 0.6 4.8 
Treatment Effect  
P> F 0.42  0.82 0.08 0.96 0.43 0.13 0.17 
¥ Within columns means (years), with the different lower case letters are not significantly different  due to treatment according to Tukey-
Kramer post-hoc test (α=0.05). Statistical differences due to years (mean row), where p≤0.05 is represented by different upper case letters. 
Treatment effect (p-value) for differences due to year is the value to the far right in the row of means. 
ᵑMeans and standard errors were calculated from the average of all tiles for each year where n=3 for all years and systems exc ept SC-R2 
where n=4 in 2009-11 and 2013; as corresponding with omitted tiles identified in Table 4-1. 
*5 Year cumulative mean is the calculated mean after each of the 4 reps were summed for all five years (n=4) 
£P> F: Probabilities  F-values for treatment effects for each year and over all years via Tukey-post ANOVA models. 
Table 4-6.  Means  ŋand standard error of annual cumulative NO3
-N load  from subsurface drains in five years. Each year starts on January 










  Table 4-7. Means and standard error of aboveground biomass (AGB) yield and grain yield  of corn, sorghum, and soybean at 
harvest for each cropping system at 100% dry matter for five experimental years. Cropping systems in this study are descr ibed 
in Table 4-1. 
Cropping Systems‡ Tissue€ 2009¥ 2010 2011 2012 2013 5 Yr Mean 
Aboveground Biomass Yield     ---------------------------------------------------Mg ha-1-------------------------------------------------    
CC-RRƦ AGB 16.50 ± 0.4 
a 
15.93 ± 0.7 
a 
10.03 ± 0.5 
b 
8.51 ± 0.4 
b 
15.74 ± 2.7 
a 
13.34 ± 0.9 
a 
SGM-RRƦ AGB 13.34 ± 0.7 
b 
17.72 ± 1.5 
a 
15.80 ± 0.5 
a 
12.12 ± 0.7 
a 
11.71 ± 0.9 
a 
14.14 ± 0.6 
a 
Corn Grain Yield  ---------------------------------------------------Mg ha-1-------------------------------------------------     
CC-C§ Grain 6.44 ± 0.2 
c 
7.42 ± 0.3 
b 
6.25 ± 0.3 
c 
4.04 ± 0.3 
c 
10.51 ± 0.3 
a 
6.93 ± 0.5 
b 
Corn and Soybean Grain Yield     ---------------------------------------------------Mg ha-1-------------------------------------------------   
CS-R1¶  Grain 8.25 ± 0.3 
c 
3.12 ± 0.1 
c 
6.26 ± 0.6 
c 
1.93 ± 0.2 
d 
9.98 ± 0.3 
a 
5.91 ± 0.7 
b 
SC-R2¶ Grain 2.44 ± 0.2 
d 
8.67 ± 0.4 
b 
1.90 ± 0.1 
d 
5.84 ± 0.6 
c 
3.24 ± 0.1 
b 
4.42 ± 0.6 
c 
 Mean 9.39 AB 10.57 A 8.05 B 6.49 C 10.24 A 8.95 
Std. Err 1.2 1.3 1.1 0.8 1.1 0.5 
Treatment Effect P> F£ 0.0001 0.0001 0.0001 0.0001 0.0004 0.0001 
*5 Year cumulative mean is the calculated mean after each of the 4 reps were summed for all five years (n=4) 
¥ Within columns means (years), with the different lower case letters are not significantly different  due to treatment according 
to Tukey-Kramer post-hoc test (α=0.05). Statistical differences due to years (mean row), where p≤0.05 is represented by 
different upper case letters. Treatment effect (p-value) for differences due to year is thevalue to the far right in the row of 
means.  
ƦAboveground biomass was harvested after first frost with a biomass harvester collecting all aboveground biomass.  
 § Corn grain values reported are at 100% dry matter. Cropping systems CS-R1 and SC-R2 are corn-soybean rotations that were 
corresponding in treatments and thus produced corn and soybean (shaded) on alternate years; corn was harvested from CS-R1 
in 2009, 2011, and 2013 and from SC-R2 in 2010 and 2012. ¶Soybean grain values reported are at 100% dry matter. Cropping 
systems CS-R1 and SC-R2 are corn-soybean rotations that were corresponding in treatments and thus produced corn on 
alternate years; soybean was harvested from CS-R1 in 2010 and 2012 and from SC-R2 in 2009, 2011 and 2013. 












Table 4-8. Means and standard error of N concentration of harvested aboveground biomass yield (AGB) and grain from each 
cropping system for five experimental years. Cropping systems in this study are described in Table 4-1.. 
Cropping Systems‡ Tissue€ 2009 2010 2011 2012 2013 5 Yr Mean 
  -------------------------------------------------- g kg-1--------------------------------------------- 
CC-RR AGB 9.7 ± 0.1 
c 9.0 ± 0.4 
c 10.7 ± 0.4 
c 12.9 ± 0.4 
b 9.8 ± 0.0 
c 10.4 ± 0.3 
d 
SGM-RR AGB 8.1 ± 0.3 
d 7.7 ± 0.6 
d 10.6 ± 0.5 
c 15.7 ± 0.6 
c 11.5 ± 0.7 
bc 10.7 ± 0.7 
d 
CC-C Grain 10.2 ± 0.2 
c 10.6 ± 0.1 
b 11.8 ± 0.2 
bc 13.4 ± 0.3 
c 12.3 ± 0.1 
b 11.6 ± 0.3 
c 
CS-R1 Grain 11.3 ± 0.0 
b 62.1 ± 0.5 
a 12.0 ± 0.2 
b 60.3 ± 0.3 
a 12.2 ± 0.2 
b 31.6 ± 5.6 
b 
SC-R2 Grain 64.1 ± 0.2 
a 10.9 ± 0.2 
b 62.8 ± 0.2 
a 13.1 ± 0.3 
c 61.3 ± 0.5 
a 42.4 ± 5.7 
a 
Mean 20.7 C 20.1 C 21.6 B 23.1 A 21.4 B 21.4 
Std. Err 5.0 4.8 4.7 4.3 4.6 2.1 
Treatment Effect P> F £   0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
¥ Within columns means (years), with the different lower case letters are not significantly different  due to treatment according to 
Tukey-Kramer post-hoc test (α=0.05). Statistical differences due to years (mean row), where p≤0.05 is represented by different upper 
case letters. Treatment effect (p-value) for differences due to year is thevalue to the far right in the row of means.ƦAboveground 
biomass was harvested after first frost with a biomass harvester collecting all aboveground biomass. § Cropping systems CS-R1 and 
SC-R2 are corn-soybean rotations that were corresponding in treatments and thus produced corn and soybean (shaded) on alternate 












Table 4-9,  Means and standard error of total N removed in harvested aboveground biomass (AGB) yield and grain from each cropping 
system for five experimental years. Cropping systems in this study are described in Table 4-1. 
Cropping  
Systems‡ Tissue€ 2009¥ 2010 2011 2012 2013 5 Yr Mean 
5 Yr Cumulative 
Total*  
  ------------------------------------------------------------ kg ha-1------------------------------------------------------------ 
CC-RR AGB 159.8 ± 4.6 a 144.5 ± 12.0 b 107.3 ± 8.1 b 109.5 ± 3.6 b 154.3 ± 26.5 a 135.1 ± 7.5 ab 675.5 ± 32.96 a 
SGM-RR AGB 108.6 ± 10.1 b 138.0 ± 20.5 b 167.2 ± 10.4 a 189.1 ± 8.8 a 134.1 ± 13.6 a 147.4 ± 8.3 a 737.1 ± 11.71 a 
CC-C Grain 65.4 ± 1.3 c 79.1 ± 4.2 c 73.4 ± 3.0 c 53.9 ± 3.0 d 129.2 ± 4.5 a 80.2 ± 6.1 c 400.9 ±  7.0 c 
CS-R1 Grain 93.0 ± 3.9 bc 194.0 ± 7.8 a 75.1 ± 6.5 c 116.4 ± 13.7 bc 121.5 ± 5.0 a 120.0 ± 9.9 b 600.0 ± 34.0 b 
SC-R2 Grain 156.5 ± 13.7 a 94.8 ± 5.9 c 119.3 ± 5.5 b 76.3 ± 7.5 cd 198.6 ± 6.2 a 129.1 ± 10.6 b 645.5 ± 23.0 b 
Mean 116.66 BC 130.09 AB 108.45 C 109.05  BC 147.53  A 122.36 611.79  
Std. Err 9.0 10.4 8.4 11.1 8.4 4.4 57.23 
Treatment Effect   
P> F £   0.0001 0.0001 0.0001 0.0001 0.0229 0.0001 0.0001 
€ Tissue portion harvested abbreviated AGB for aboveground biomass; *5-Year cumulative mean is the calculated mean after each of the 4 
reps were summed for all five years (n=4) 
¥ Within columns, means with the same letter are not significantly different according to Tukey -Kramer post-hoc test (α=0.05); Statistical 
differences due to years (mean row), where p≤0.05 is represented by different upper case letters. Treatment effect (p -value) for differences due 
to year is thevalue to the far right in the row of means. 
ƦAboveground biomass was harvested after first frost with a biomass harvester collecting all aboveground biomass. 
 § Cropping systems CS-R1 and SC-R2 are corn-soybean rotations that were corresponding in treatments and thus produced corn and soybean 
(shaded) on alternate years.  













N Concentration in 
Stover  




Total N Content 
in Stover 
g kg-1 Mg ha-1  kg ha-1 
2009 
CC-C 7.4 ± 0.4 8.88 ± 0.6  68.3 ± 4.4 
CS-R1 7.9 ± 0.5 9.18 ± 0.5  72.8 ± 7.3 
2010 
CC-C 7.9 ± 0.3 7.01 ± 0.3  55.0 ± 2.6 
SC-R2 8.2 ± 0.3 8.05 ± 0.4  65.6 ± 3.4 
           
  
Table 4-10.  Means and standard error of N concentration g kg-1 and content kg 
ha-1 and dry matter yields of  corn stover for corn-soybean rotation (CS-R1 and 
SC-R2) and concentional continuous tilled corn (CC-C) for the first two years 











Table 4-11.  Means and standard error of soil nitrogen concentration of each cropping system for 2009, 2010, 
and 2013 and the 3-yr average. Cropping systems in this study are described  in Table 4-1.. 
Cropping Systems‡   2009¶ 2010₱ 2013₱ 3 Yr Mean¥ 
 ----------------------------------------g N kg-1------------------------------------- 
CC-RR 2.10 ± 0.13 2.39 ± 0.14 2.21 ± 0.12 2.23 ± 0.06 
SGM-RR 1.85 ± 0.11 2.08 ± 0.15 1.94 ± 0.14 1.95 ± 0.06 
CC-C 1.96 ± 0.16 2.18 ± 0.19 2.42 ± 0.25 2.20 ± 0.10 
CS-R1 1.99 ± 0.18 2.02 ± 0.16 2.05 ± 0.21 2.08 ± 0.08 
SC-R2 1.89 ± 0.15 2.22 ± 0.21 2.29 ± 0.14 2.07 ± 0.07 
¶2009 Samples were collected from 0-10 cm depth in April. Gravimetric soil moisture ranged from 28.7% - 
30.8% ; pH ranged from 5.7-7.2;  ₱2010 and 2013 samples were collected from 0-20 cm in July of each year. 












Figure 4-1. Average monthly cumulative precipitation (mm) for each year (2009-2013). Data retrieved from 
Indiana State Climate Office. http://mrcc.isws.illinois.edu/CLIMATE/index.jsp. Each year starts on January 1st 
and ends on December 31st.  Table below lines defines 30-year mean precipitation of each month (1984-2013); 











Figure 4-2. Monthly mean temperature (°C) for each year (2009-2013). Data retrieved from Indiana State 
Climate Office (Indiana State Climate Office, 2014).  Each year starts on January 1st and ends on December 












Figure 4-3. Means and standard errors of cumulative nitrate load (kg NO3
—N ha-1) of each cropping system in 
subsurface drainage from 2009-2013. 
Each year starts on January 1st and ends on December 31st.  
Cropping systems in this study were abbreviated as: CC-RR, continuous corn with residue removed and not 
tilled; SGM-RR, Sorghum with residue removed and not tilled; CS-R1, Corn-soy bean rotation, where corn 
was planted in the first year of the study and treated in the same way as corresponding treatment 7; SC-R2, 
corn-soybean rotation, soybean was planted in the first year of this study. CC-C, continuous corn with a 
conventional tilled system;  









Figure 4-4. Mean annual nitrate (NO3
—N) loads as a function of subsurface drainage water flow for five years 
of all treatment plots.  Treatments in this study were abbreviated as: CC-RR, continuous corn with residue 
removed and not tilled; SGM-RR, Sorghum with residue removed and not tilled; CS-R1, Corn-soy bean 
rotation, where corn was planted in the first year of the study and treated in the same way as corresponding 
treatment 7; SC-R2, corn-soybean rotation, soybean was planted in the first year of this study. CC-C, 
continuous corn with a conventional tilled system. Fits: dashed line is overall regression fit; solid lines 
correspond to regressions for each treatment.  
Load=0.104Flow0.9 
R2=0.72 
                      R2
All 0.89 -2.27 0.72
CC-RR 0.98 ab -2.69 BC 0.73
SGM-RR 0.83 ab -2.23 C 0.70
CC-C 0.65 bc -1.19 A 0.44
CS-R1 1.15 a -3.13 C 0.86














Figure 4-5. Means and standard errors of cumulative N content (kg ha-1) of harvested aboveground biomass 




Cropping systems in this study were abbreviated as: CC-RR, continuous corn with residue removed and not 
tilled; SGM-RR, Sorghum with residue removed and not tilled; CS-R1, Corn-soybean rotation, where corn was 
planted in the first year of the study and treated in the same way as corresponding treatment 7; SC-R2, corn-
soybean rotation, soybean was planted in the first year of this study. CC-C, continuous corn with a 
conventional tilled system;  








CHAPTER 5. SYNTHESIS AND FUTURE WORK 
5.1 Synthesis 
This dissertation focused on the potential of sorghum and maize as lignocellulosic 
bioenergy feedstock produced in the US Midwest as impacted by nitrogen (N). 
Sorghum was evaluated in this study based on its potentially high adaptability to N 
and water stresses considering the potential changes in climate and environmental 
conditions anticipated for upcoming years. Sorghum was also only recently qualified 
as a biofuel feedstock by the US- Environmental Protection Agency (US-EPA)’s 
biofuel standards. Nitrogen was incorporated because it is one of the major 
investments in crop production and also plays a significant role in subsurface water-
quality from this region of the US. In addition, N is critical in the net energy balance 
of bioethanol production.  In order to holistically address the potential of sorghum 
and maize as bioenergy feedstocks, in comparison to the status quo, research was 
needed to evaluate the composition of the stover of different sorghum types. The 
research also sought to discuss how each hybrid/line can be efficiently utilized for the 
various ethanol (EtOH) conversion pathways as well as to investigate the impact that 
producing this feedstock could have on agricultural lands; this dissertation did just 
that. The research conducted in this dissertation evaluated sorghum and maize based 








 hybrid/line level, in addition to assessing the yield and subsurface water quality on a 
systems level. All research conducted included the influence of N fertilization. 
Grain sorghum (Grn-S) and maize sorghum, the commercial hybrids in this study 
are currently produced in the Midwest for ethanol production. Therefore, it was 
important to discuss their potential as lignocellulosic feedstocks as well as use them 
as controls for this study. Grain maize and sorghum were the commercial hybrids 
analyzed in this study. As expected they obtained the highest grain yields and highest 
EtOH yields from the grain portion of the plants when compared to the other sorghum 
hybrids/lines. The Grn-S and maize also had the lowest stover and stover EtOH 
yields, both from structural (TF; hemicellulose and cellulose) and non-structural 
(TNC) carbohydrates. Compared to all other hybrids, Grn-S was the least efficient in 
producing EtOH per unit of N taken up in the plant. Grain sorghum had the lowest 
economic return from stover EtOH across all N rates and the lowest net marginal 
increase of economic returns with only a $20 ha-1 increase with N fertilizer added, 
which was at least 10-fold lower than all other hybrids/lines.  
The low-lignin sorghum (BMR-S) did indeed exhibit the lowest lignin 
concentrations and content compared to the other hybrids/lines. However, lower 
lignin as was found with this hybrid, resulted in a higher concentration of extractives 
that cannot be converted to EtOH, and BMR-S did not have higher concentrations of 
TNCs and TFs. The hybrid also had yields that were intermediary among all 
hybrids/lines. Additionally, the stoichiometric calculations and conversion rates and 
efficiencies used in this study did not take into account the increase in ease of 








studies and in the forage community. Therefore, there was no advantage in the 
amount of EtOH obtained from the stover of BMR-S compared to other hybrids/lines 
with similar biomass yields. Nevertheless, the BMR-S shows great potential, 
compared to the maize hybrid, as it can be used for both feed (silage) and EtOH, and 
produces total biomass yields and grain yields that were on many occasions 
comparable to the maize hybrid. Further studies need to be conducted with sorghums 
with the bmr trait to determine ease of convertibility of sorghums grown in the 
Eastern Cornbelt, especially after crossing hybrids with different attributes such as 
high biomass or high TNC concentrations. 
The sweet-sorghum line (Sweet-S) also revealed composition concentrations as 
expected. The Sweet-S had the highest TNC concentrations and content as well as the 
most ethanol produced from TNCs. The Sweet-S produced about a third of its EtOH 
from TNCs (fermentable sugars) and the other two-thirds from TFs, which was the 
smallest ratio between EtOH from sugars to fibers among all hybrids/lines. All other 
hybrids/lines produced between 5-12 fold more EtOH from fibers than from sugars. 
Again, the calculations in this study did not allow for Sweet-S to demonstrate an 
advantage over other hybrids/lines that should occur due to the high concentration of 
easily fermentable sugars. The high EtOH yields obtained by the Sweet-S line was a 
result of high biomass yields. Although Sweet-S was expected to have a relatively 
high moisture concentration, at the time of harvest, the Sweet-S had similar moisture 
concentrations as the other hybrids/lines. However, it is still imperative to understand 









The Sweet-S had a relatively high N use efficiency (NUE) based on stover EtOH 
yield and N fertilizer application. It also produced low per plant weight, which may 
be attributable to the low grain yield and relatively low lignin concentration. It may 
be possible to produce high grain yields with sweet sorghum lines which could make 
it even more profitable. In this study, Sweet-S had the second highest economic 
return and marginal economic increase from the 0 kg N ha -1to the most efficient N 
rate (67 kg ha-1) for stover EtOH among all the hybrids/lines; second only to the 
photoperiod sensitive line (PhotoS-S). Further studies on Sweet-S should include an 
evaluation of the various methods for Sweet-S conversion to EtOH and its growth 
potential on marginal lands, especially associated with the impact of N and water 
stress on the concentration of TNCs in the stover. 
The non-grain producing PhotoS-S line had the highest total biomass and stover 
yields and thus the highest EtOH yields among all hybrids/lines. It had the highest 
economic and energy returns and most efficiently produced EtOH based on N 
fertilizer and N in the stover. Although the PhotoS-S produced at least 3-fold the 
EtOH of all hybrids/lines, except for the Sweet-S, the PhotoS-S had intermediary 
concentrations of TNC and TF compared to other hybrids/lines. However due to its 
high biomass yields, PhotoS-S maintained high TNC and TF contents. On the other 
hand, PhotoS-S had the highest lignin concentration and content and the highest 
content of non-convertible extractives. Also, even with the high physiological N use 
efficiency, PhotoS-S also takes up the most N in the plant. Future research could 
evaluate if the PhotoS-S line could benefit from a cross with the bmr mutation, 








reducing the portion of extractives that need to be removed and cannot be used in the 
EtOH conversion process. The PhotoS-S also revealed high variation in yields among 
environments, therefore research across different environments within the Eastern 
Cornbelt may be beneficial. 
Dual-purpose sorghum hybrids were used for both field experiments in this 
dissertation along with the maize hybrid. The differences in management for the 
potential biomass feedstock among the two experiments are that the N-rate study, 
which compared the different hybrids/lines, was in a tilled systems with soybean as 
the previous year’s crop; while the N-balance study, which compared the different 
agroecosytems, had continuous crops, and maize was in a no-till system. The N-
balance study applied N fertilizer within the range of those in the N-rate study, but 
considerably higher than the optimum N rate determined in the N-rate study. Also, in 
the two latter years of the N-balance study, the DualP-S hybrid was replaced with a 
dual-purpose hybrid with the bmr mutation. Both studies showed that generally the 
DualP-S had slightly higher aboveground yields than maize. Sorghum yields were 
significantly greater than maize yields in the years that had notable differences in 
rainfall patterns: 2010 – an intense period of rainfall right after planting, 2011 – high 
annual precipitation, and 2012 – low annual precipitation. The DualP-S had a high 
concentration of TNCs and produced the highest amount of EtOH per unit of N in the 
stover compared to other hybrids/lines. However, EtOH yielded per unit of N in the 
total plant was comparable to maize. The DualP-S also had a relatively similar NUE 
compared to maize based on stover EtOH yield and N fertilization. Nitrogen 








both experiments. Both sorghum and maize systems did not show any decrease in 
biomass yields over the 5-years of the study despite the residue being removed. The 
maize rotated systems showed a strong trend toward greater cumulative nitrate (NO3-
N) loads in the subsurface drainage water. Due to high variation in annual subsurface 
drainflow, which followed the pattern of annual precipitation, nitrate loads were 
different among the years and systems.  
Overall, research suggests that both sorghum and maize have the potential to be 
bioethanol feedstock produced in the Eastern Cornbelt of the US, Midwest. It has 
been demonstrated in these studies that the sorghum hybrids/lines could potentially be 
optimally grown as a bioethanol feedstock with less N than maize, under water stress 
and possibly with lower economic and energy inputs. Sorghum could also be a more 
environmentally sustainable feedstock that may be easy to adapt into current 
production in this region. However, sorghum production and markets are not as well 
established in the Eastern Cornbelt as maize. Even less developed are cellulosic EtOH 
production, processing and market systems for either sorghum or maize. Therefore a 
holistic study that incorporates the decision making aspect of developing production 
and markets for cellulosic feedstock, coupled with agro-economic and techno-
economic evaluations need to be conducted in order to gain a better understanding of 









5.2 Future Work 
In order to fully evaluate the potential for sorghum as a cellulosic bioethanol 
feedstock in the Eastern Cornbelt, several other multidisciplinary studies are 
necessary. These include: 
i. agroecology studies that are longer term than this research, with 
smaller increments of N fertilizer applications in order to more 
accurately identify the optimal N rates, under continuous and 
rotated systems, and tilled and no-till systems with different 
sorghum hybrids/lines; 
ii. ecohydrology studies that incorporate the by-event and within year 
variation of the systems to more accurately assess the water and N 
movement in the systems; 
iii. policy-science exploratory and quantitative studies that investigate 
the barriers and enhancements of producing sorghum in the 
Eastern Cornbelt to understand the likelihood of sorghum adaption 
by producers in this region; 
iv. biochemical engineering studies that evaluate the bioethanol 
production and waste potential of the distinct sorghum 
hybrids/lines for each conversion processing stream; and 
v. a full techno-economic evaluation to investigate the feasibility, and 
economic and energy cost/benefit of the most technically efficient 























Appendix A  Chapters 2 and 3 Supplemental Information 
A1.SAS codes for ANOVA, regression and correlations used in study 
A1a. Example SAS Code for ANOVA and Tukey-Kramer HSD to determine effects of N, site year, and 
hybrid/line on stover ethanol yield (STEY) 
 
PROC Mixed data=ACREPPAC0810 cl nobound covtest lognote; 
        class block N loc geno; 
        model STEY=N|loc|geno/ddfm=kr; 
        random block; 
     LSmeans N|loc|geno/pdiff adj=tukey adjdfe=row; 
  ods output diffs=ppp lsmeans=mmm; 
  ods listing exclude diffs lsmeans;  
       run; 
proc print; 
%include 'C:\Users\long27\Desktop\Organized DATA-2014-V2\SAS Codes|\pdmix800.sas'; 
%pdmix800(ppp,mmm,alpha=.05,sort=yes); 
%macro pdmix800(pname,lname,sort=NO,alpha=.05,worksize=1,test0=NO,  
                mixfmt=YES,numlet=200,slice=); 
                                %let printdebug=0; **this does not turn on debug printing within IML; 
 
A1b. E Example SAS code for regression analysis to determine the relationship between STEY and stover N 
content 
 





A1c. Example SAS Code for correlation analysis to determine the relationship between STEY and stover 
lignin Content  
 
proc corr data=ACREPPAC08; 





























All 0.78 46.6 1562 Maize-Grn-S 1-2 0.00 0.00 1-2
Maize (1) 0.53 30.4 1903 Maize-BMR-S 1-3 0.39 0.11 1-3
Grn-S (2) 0.37 11.0 2628 Maize-DualP-S 1-4 0.00 0.00 1-4
BMR-S (3) 0.67 35.9 1820 Maize-Sweet-S 1-5 0.44 0.00 1-5
DualP-S (4) 0.67 55.7 1366 Maize-PhotoS-S 1-6 0.57 0.00 1-6
Sweet-S (5) 0.42 39.3 3971 Grn-S-BMR-S 2-3 0.00 0.00 2-3
PhotoS-S (6) 0.73 37.5 4081 Grn-S-DualP-S 2-4 0.00 0.00 2-4
Grn-S-Sweet-S 2-5 0.00 0.00 2-5
Grn-S-PhotoS-S 2-6 0.00 0.00 2-6
BMR-S-DualP-S 3-4 0.00 0.00 3-4
BMR-S-Sweet-S 3-5 0.68 0.00 3-5
BMR-S-PhotoS-S 3-6 0.83 0.00 3-6
DualP-S-Sweet-S 4-5 0.10 0.00 4-5
DualP-S-PhotoS-S 4-6 0.06 0.02 4-6
Sweet-S-PhotoS-S 5-6 0.83 0.84 5-6








All 0.30 31.3 1012 Maize-Grn-S 1-2 0.08 0.00 1-2
Maize (1) 0.39 8.7 2410 Maize-BMR-S 1-3 0.82 0.05 1-3
Grn-S (2) 0.22 4.8 2607 Maize-DualP-S 1-4 0.15 0.00 1-4
BMR-S (3) 0.11 9.7 2742 Maize-Sweet-S 1-5 0.00 0.00 1-5
DualP-S (4) 0.15 17.0 2541 Maize-PhotoS-S 1-6 0.00 0.00 1-6
Sweet-S (5) 0.48 34.6 3262 Grn-S-BMR-S 2-3 0.28 0.00 2-3
PhotoS-S (6) 0.73 37.5 4081 Grn-S-DualP-S 2-4 0.04 0.00 2-4
Grn-S-Sweet-S 2-5 0.00 0.00 2-5
Grn-S-PhotoS-S 2-6 0.00 0.00 2-6
BMR-S-DualP-S 3-4 0.00 0.02 3-4
BMR-S-Sweet-S 3-5 0.00 0.00 3-5
BMR-S-PhotoS-S 3-6 0.00 0.00 3-6
DualP-S-Sweet-S 4-5 0.04 0.00 4-5
DualP-S-PhotoS-S 4-6 0.01 0.00 4-6
Sweet-S-PhotoS-S 5-6 0.69 0.01 5-6








All 0.57 34.7 2685 Maize-Grn-S 1-2 0.00 0.00 1-2
Maize (1) 0.85 32.7 2259 Maize-BMR-S 1-3 0.01 0.18 1-3
Grn-S (2) 0.66 12.9 4830 Maize-DualP-S 1-4 0.95 0.06 1-4
BMR-S (3) 0.57 22.5 3575 Maize-Sweet-S 1-5 0.27 0.00 1-5
DualP-S (4) 0.52 33.0 2708 Maize-PhotoS-S 1-6 0.34 0.00 1-6
Sweet-S (5) 0.52 39.1 3707 Grn-S-BMR-S 2-3 0.01 0.06 2-3
PhotoS-S (6) 0.73 37.5 4081 Grn-S-DualP-S 2-4 0.00 0.00 2-4
Grn-S-Sweet-S 2-5 0.00 0.00 2-5
Grn-S-PhotoS-S 2-6 0.00 0.00 2-6
BMR-S-DualP-S 3-4 0.06 0.02 3-4
BMR-S-Sweet-S 3-5 0.01 0.00 3-5
BMR-S-PhotoS-S 3-6 0.01 0.00 3-6
DualP-S-Sweet-S 4-5 0.43 0.00 4-5
DualP-S-PhotoS-S 4-6 0.51 0.00 4-6
Sweet-S-PhotoS-S 5-6 0.82 0.80 5-6
*Yellow signifies significant differences between two slopes
*Brown signifies significant differences between two intercepts
Stover EtOH vs Stover N Content
Aboveground EtOH vs Aboveground N Content
Stover EtOH vs Aboveground N Content
Stover EtOH vs Stover N Content
Stover EtOH vs Aboveground N Content
Aboveground EtOH vs Aboveground N Content
Table A-1 Results from comparisons of slope and intercepts of physiological nitrogen use efficiency 
of ethanol yield regressed against N concentration in the stover and total aboveground biomass. 

























STEY TEYTNC TEYF  
STEY 1.00**   Stover-TEY 
TEYTNC 0.78** 1.00**  TEY-TNC 
TEYF 0.97** 0.60* 1.00** TEY-Fiber 
TNCC 0.34* 0.81** 0.12 TNC-Concentration 
TFC -0.28 0.72** -0.08 Fiber-Concentration 
LIGC 0.17* 0.95** 0.22 Lignin- Concentration 
TNCT 0.79** 1.00** 0.61* TNC-Content 
TFT 0.97** 0.60* 1.00** Fiber-Content 
LIGT 0.91** 0.62** 0.92** Lignin-Content 
R-values with ** represent p<0.01 significance and R-values with * represent p<0.05 
significance. 
     
 
Table A-2 Correlations coefficients (R-values) of ethanol production and 









Appendix B Chapter 4 Supplemental Information 
Grain Nitrogen Concentration Values - Comparison of measured values from 
NIRS and reported values from A&L Laboratories 
 
 Figure B-1 Maize grain nitrogen concentration values reported from A&L Laboratories and measured 














Figure B-2 Soybean grain nitrogen concentration values reported from A&L Laboratories and 
measured by NIRS for each year (2009-2013) and tile. Paired T-test P<0.05 show significant 











Table B-1 Means  ŋand standard error of annual mean NO3-N concentration of water from subsurface drains in five years. Each 
year starts on January 1st and ends on December 31st. Cropping systems in this study are described in Table 1. Tiles analyzed 
for nitrate concentration only represent tiles with flow data. 
 2009 2010 2011 2012 2013 5 Yr Mean 
Cropping Systems‡ ---------------------------------------- mg NO3- L-1 ----------------------------------- 
CC-RR 7.24 ± 0.7  7.18 ± 1.1  5.57 ± 0.8  4.04 ± 0.9  7.61 ± 1.0  6.28 ± 0.5  
SGM-RR 8.80 ± 4.3  5.93 ± 0.2  5.07 ± 0.4  6.10 ± 0.9  9.46 ± 1.7  7.13 ± 1.0  
CCC 9.26 ± 3.2  8.49 ± 2.0  4.11 ± 0.5  9.30 ± 0.2  12.34 ± 1.4  8.47 ± 1.0  
CS-R1 21.34 ± 10.3  16.08 ± 9.7  9.96 ± 1.5  7.94 ± 1.7  21.34 ± 12.6  15.06 ± 3.6  
SC-R2 6.34 ± 0.7  12.91 ± 1.4  5.86 ± 0.6  9.78 ± 1.7  13.80 ± 2.4  9.74 ± 1.0  
Mean 10.03  10.51  6.11  7.30  12.47  9.23 
Std. Err 2.2 2.2 0.6 0.7 2 0.5 
Treatment Effect  
P> F 
0.06  0.32  0.82  0.80  0.13  0.79 
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